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1 Executive Summary 

The objective of this document is to present the modeling and simulations results that were obtained 
using the DILIsym® Quantitative Systems Toxicology (QST) platform in support of a broader assessment of 
the carcinogenicity hazard potential of acetaminophen. The DILIsym QST platform was developed to 
evaluate and understand potential mechanisms of drug-induced liver injury and has been validated using 
experimental data for compounds such as acetaminophen.  

This document serves as a companion document to a comprehensive weight of evidence assessment of 
the animal carcinogenicity, genetic toxicology and epidemiology data for acetaminophen that is being 
submitted in response to the OEHHA Hazard Identification Document (HID). It should be viewed as a 
supporting document and not read in isolation. 

QST modeling provides a physiologically-based mathematical approach to simulate the potential impact 
of variation in underlying biological parameters across a patient population on toxicity, and to 
extrapolate/interpolate exposures and margins where they may not have been directly measured 
experimentally. 

In the context of this carcinogenicity hazard assessment of acetaminophen, the DILIsym platform was 
used to 

• Simulate different acetaminophen dosing schemes (therapeutic, supratherapeutic, and overdose 
conditions) in 300 unique simulated human individuals and animal cohorts (mirroring the cohorts in 
the carcinogenicity studies) and evaluate the impact of potential variability in their underlying 
biochemical and cellular pathways.  A database of the simulation results was compiled allowing 
visualization of the dose response and kinetics changes in parameters such as glutathione, protein 
adducts, mitochondrial inhibition, and cell death. 

• Assess the potential impact of population variability in baseline GSH levels, drug metabolism, 
pharmacokinetics, and antioxidant clearance capacity and the implications for its carcinogenicity 
potential in patient populations. 

• Estimate the exposures to acetaminophen and its metabolites in the animal carcinogenicity studies, 
where the exposures were not measured, and compare them to exposures in humans at therapeutic 
and supratherapeutic chronic exposures and also following acute overdose  

• Simulate conditions of overdose hepatotoxicity and evaluate the implications for acetaminophen 
becoming a hazard for carcinogenicity 

Taken together, the modeling and simulations results, consistent with extensive mechanistic experimental 
data, support that at therapeutic exposures, cellular glutathione deactivates the NAPQI metabolite and 
there is sufficient buffering capacity to prevent any meaningful protein adduct formation or oxidative 
stress.  As exposures increase to overdose conditions, cell death occurs before any adverse conditions 
occur (e.g. oxidative stress or DNA damage) that could result in carcinogenicity.  Simulations on the 
exposures in the animal carcinogenicity studies and in humans support that the animal carcinogenicity 
studies adequately evaluated the range of exposure conditions in humans. The modeling and simulation 
results also support that acetaminophen is not a carcinogenicity hazard to human health under any 
conditions, including at therapeutic and supratherapeutic doses and an acute overdose.    
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2 Introduction and Background 

Acetaminophen has a long history of safe use in humans at therapeutic doses but causes liver injury in 
animals and humans at very high doses.  As part of a broader science and weight-of-evidence assessment 
of the carcinogenicity hazard potential of acetaminophen, we utilized a well-established Quantitative 
Systems Toxicology (QST) platform (DILIsym) to address key aspects of this question. The model was 
developed and validated using experimental and clinical data on acetaminophen pharmacokinetics, 
metabolism, disposition and hepatotoxicity, and  on overdose. It can be used to evaluate the effect of 
drug exposure and metabolism on cell death via a mathematical construct composed of ordinary 
differential equations.  The unifying theme of this analysis was a focus on the mode of action pathway by 
which acetaminophen causes liver toxicity at high doses (i.e. overdose).   

The initial development of DILIsym was directly encouraged and financially supported by the United States 
Food and Drug Administration (FDA) through a Cooperative Research and Development Agreement, or 
CRADA (“Development of Drug-Induced Liver Injury (DILI) PhysioLab Platform” sponsored by Dr. Mark 
Avigan and Dr. John Senior).  The various groups involved in the development of the platform, including 
FDA, agreed from the outset that acetaminophen was a prototypical compound due to its history of 
causing drug-induced liver injury in people under overdose conditions.  Thus, DILIsym was initially focused 
on simulating the events associated with acetaminophen liver toxicity.  Most importantly, DILIsym has 
been used to address key questions associated with acetaminophen toxicity, and these results have been 
published (1–3). An overview of the model and the experimental data that were used to develop the 
model are described below. 

3 General Overview of Mechanisms of Drug Induced Liver Injury (DILI) 
in DILIsym Software 

The DILIsym software platform has been developed by DILIsym Services Inc., a Simulations Plus Company, 
over the last 10 years for the process of predicting and understanding drug-induced liver injury (DILI) in 
humans and animals (rats, mice, dogs).  The QST platform has been heavily peer reviewed, both in terms 
of the methods and data associated with its development, and applications or case studies of software 
use (1–23).  DILIsym includes three primary mechanisms that can combine with the characteristics of a 
given compound and/or metabolite to cause DILI.  Bile acid toxicity, mitochondrial toxicity, and oxidative 
stress are the three mechanisms included in DILIsym, and they can combine in multiple ways to disrupt 
normal hepatocellular function and elicit hepatocellular apoptosis and/or necrosis.  A summary diagram 
of DILIsym version 8A is below in Figure 1. 
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Figure 1– Summary Diagram of DILIsym Software Version 8A 

 

The DILIsym software represents bile acid enterohepatic circulation via bile acid transporters.  More 
specifically, hepatocyte uptake of bile acids from blood occurs by NTCP-mediated transport.  Bile acid 
efflux occurs via BSEP canalicular transport and multidrug resistance-associated proteins 3 and 4 (MRP3 
and MRP4) basolateral transport.  Drug-mediated inhibition of BSEP, MRP3, and/or MRP4 would be 
expected to result in hepatocellular bile acid accumulation, culminating in bile acid-mediated toxicity, 
while drug-mediated inhibition of NTCP could mitigate this effect.  Drug-mediated inhibition of 
transporters can be assessed in laboratory experiments using isolated hepatocytes or membrane vesicles 
expressing the transporter of interest.  Importantly, the hepatotoxic potential of transporter inhibition 
can be influenced by type of inhibition (e.g., competitive vs. non-competitive) as well as potency of 
inhibition (6).  This can influence the selected in vitro experiments, as inhibition type can be determined 
from experimental Ki, but not IC50, data. 

DILIsym represents mitochondrial bioenergetics leading to adenosine triphosphate (ATP) production in 
hepatocytes.  Mitochondrial function in other liver cell populations (e.g., Kupffer cells) is not represented.  
Compounds may induce mitochondrial dysfunction by inhibiting the electron transport chain (ETC), by 
inhibiting the mitochondrial F1FO ATPase, or by uncoupling mitochondrial respiration from mitochondrial 
ATP synthesis.  Compound effects on hepatocyte mitochondrial function can be assessed in laboratory 
experiments by measuring hepatocyte respiration following culture with compound in a Seahorse XF 
Analyzer (Agilent Technologies, CA).   

DILIsym represents the generation of oxidative stress or reactive oxygen species (ROS) in response to 
compound exposure.  ROS accumulation can ultimately reduce mitochondrial ATP synthesis, leading to 
hepatocyte death, as well as directly lead to caspase activation and apoptosis.  There are several 
experimental methods that can be used to measure compound-induced oxidative stress, including assays 
for lipid peroxidation, e.g., thiobarbituric acid reactive substances (TBARS) assay, indirect measurement 
of superoxide, e.g., dihydroethidium (DHE) fluorescence assay, and indirect measures of multiple ROS, 
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e.g., 2’,7’ –dichlorofluorescin diacetate (DCFDA) fluorescence assay; hydroxyphenyl fluorescein (HPF) 
fluorescence assay.  

DILIsym represents the generation of reactive metabolites from parent compounds or stable metabolites.  
Once generated, the reactive metabolite within DILIsym can 1) be cleared by irreversible conjugation with 
GSH, 2) be cleared through binding to other proteins within the hepatocyte (a general protein adduction 
pathway not specific to any particular proteins), or be deactivated through a generic deactivation pathway 
which would represent an alternative clearance mechanism.  Within this framework, excessive generation 
of the reactive metabolite can lead to depletion of GSH in the liver.  Once GSH is depleted, the free reactive 
metabolite concentration increases.  If the reactive metabolite is assumed to cause ROS (and 
parameterized as such in DILIsym), such as has been assumed for the reactive metabolite of 
acetaminophen, the increase in free concentration leads to excess ROS that reduces ATP as described in 
the preceding paragraph (1,2,24). 

Toxicity in hepatocytes could be driven by drug concentrations at different biophases (e.g., total 
concentration, unbound cytosolic concentration, mitochondrial concentration) depending on 
participating mechanisms, but currently there is no consensus on which biophase concentration drives 
each mechanism.  In DILIsym, bile acid transporter inhibition, mitochondrial dysfunction, and ROS 
generation are based on the total intracellular concentration of the drug and its metabolites in the liver.  
For mitochondrial dysfunction and ROS generation mechanisms which are assessed in whole cell-based 
assay systems, intracellular drug binding does not affect toxicity parameters and DILIsym predictions 
because total intracellular drug concentrations experimentally measured in in vitro assays are used to 
calculate DILIsym toxicity parameters.  Assuming intracellular binding and distribution of drugs in in vitro 
cells resemble those quantities in vivo, parameters that define quantitative relationships between total 
intracellular drug concentrations and toxicity outcomes in vitro can be used for in vivo predictions.   

For bile acid transporter inhibition which is measured in isolated systems such as membrane vesicles, one 
might postulate that unbound cytosolic drug concentrations represent a better biophase to be employed 
for prediction of in vivo hepatotoxicity.  However, it is the experience of the DILIsym team that using total 
concentration (protein bound and unbound) leads to more accurate predictions than using free 
concentrations for over 40 bile acid transporter inhibitors tested in DILIsym. There exist several possible 
explanations as to why the use of total drug concentrations outperforms the use of unbound 
concentrations.  First, although vesicular transporter inhibition assay systems do not contain proteins, 
drugs may bind to vesicles and lipid membranes, which are not considered when estimating inhibition 
constants.  Also, bile acids themselves are known to be highly bound to intracellular proteins and lipids.  
Thus, intracellular binding of both bile acids and drugs need to be considered when making predictions, 
but our current understanding about the complex drug-bile acid-transporter interaction in the 
intracellular environment is limited.   

While the DILIsym team continues to investigate these complex interactions to improve the mechanistic 
representation of bile acid transporter inhibition within DILIsym and in vitro to in vivo translation of 
transporter inhibition constants, the current version of DILIsym employs the total intracellular drug 
concentrations, which have accurately predicted clinical hepatotoxicity of over 40 exemplar compounds 
tested in DILIsym that exhibit transporter inhibition.       

DILIsym represents synthesis and clearance of bilirubin via bilirubin enzymes and transporters.  More 
specifically, OATP1B1/1B3 facilitates hepatic uptake of unconjugated bilirubin and hepatic reuptake of 
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conjugated bilirubin; UGT1A1 mediates the conversion of unconjugated bilirubin, and MRP2 and MRP3 
transport conjugated bilirubin into the bile and sinusoidal blood, respectively (23).  Each of the enzyme- 
or transporter-mediated processes can be competitively inhibited by drugs or metabolites which may 
result in hyperbilirubinemia, even in the absence of overt liver injury.   
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4 Validation of the DILIsym Acetaminophen Simulations 

The DILIsym acetaminophen model validation data sets are contained in peer reviewed publications and 
their large supplemental data sets, including extensive comparisons of the simulation results to 
experimental data in the following areas (1–3): 

1. Acetaminophen ADME and pharmacokinetics in humans, mice, and rats across a wide range of 
doses covering therapeutic, supratherapeutic, and overdose scenarios; 

2. Kinetic and dose response information for GSH depletion, ROS generation, mitochondrial 
dysfunction (ATP production and concentration decreases) and protein adduct formation across 
doses in mice and rats; 

3. Kinetic and dose response information for liver ATP depletion, hepatocyte death and 
regeneration, and associated clinical biomarkers (e.g. aminotransferases, bilirubin) across doses 
in humans, rats, and mice. 

A summary of the experimental parameters that have been used to develop and validate the DILIsym 
simulations along with links to the corresponding figures in this document provided in Table 1.  

Table 1- Summary of the experimental parameters that have been used to develop and validate the 
DILIsym simulations. 

Parameter / Endpoint 
Experimental 

Data Supporting 
Kinetics 

Experimental 
Data 

Supporting 
Dose Response 

Model 
Comparison to 
Experimental 

Data 
Acetaminophen and Metabolite ADME and 

Pharmacokinetics     
Figs 2, 3, 8, 9 

Refs (1–3) 

Glutathione Depletion     
Figs 10, 11, 13, 

14, 20, 23 
Refs (1–3) 

Hepatoxicity      
Figs 4, 5, 6, 7, 

17, 18; Table 2 
Refs (1–3) 

Oxidative Stress/ Reactive Oxygen Species 
Generation     Refs (1–3) 

Mitochondrial Inhibition/Dysfunction     
Figs 15, 16 
Refs (1–3) 

Protein Adduct Formation     
Figs 12, 13, 14, 

20, 23 
Refs (1–3) 

The human acetaminophen model in DILIsym was constructed and validated using both clinical and 
preclinical data. The model represents the three metabolic pathways of acetaminophen as well as the 
GSH conjugation and protein adduct formation of the reactive metabolite, NAPQI. The production and 
clearance of acetaminophen-mediated reactive oxygen species (ROS) and associated mitochondrial 
dysfunction (ATP production inhibition) effects are also calibrated and validated in the model. The ROS 
and ATP inhibition mechanisms are in turn linked to processes that determine the fate (necrosis, 
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apoptosis) of hepatocytes and a cascade of downstream effects including immune responses. The 
acetaminophen model was established as an integral part of the DILIsym software and, as noted above, 
has been extensively peer reviewed (1–3).   

4.1 Human validation of the physiologically-based pharmacokinetic model of 
acetaminophen and metabolites 

Highlights of pharmacokinetic, mechanistic, and clinical biomarker experimental data that were used to 
validate the DILIsym physiologically-based pharmacokinetic model of acetaminophen and metabolites 
(PBPK)are provided in the sections that follow.  For the full spectrum of this validation, please see the 
acetaminophen related references (1–3), with special emphasis on their supplements.  The most critical 
validation of the human DILIsym PBPK model for acetaminophen is urinary excretion data for the three 
primary metabolic pathways (25) compared to simulation results, as shown below in Figure 2.   

Figure 2 - Selected pharmacokinetic data used to optimize the acetaminophen metabolism sub-model for 
humans, shown with the corresponding simulation results produced with the DILIsym model. (A) Measured 
cumulative acetaminophen-sulfate conjugates excreted in urine over 24 hours ( ), simulated cumulative 
acetaminophen-sulfate conjugates excreted in urine over 24 hours ( ), measured cumulative 
acetaminophen-glucuronide conjugates excreted in urine over 24 hours ( ), and simulated cumulative 
acetaminophen-glucuronide conjugates excreted in urine over 24 hours ( ) for humans at various oral 
doses of acetaminophen (25). (B) Measured cumulative NAPQI conjugates excreted in urine over 24 hours 
( ) and simulated cumulative NAPQI pathway conjugates excreted in urine over 24 hours ( ) for 
humans at various oral doses of acetaminophen (25). 

 

The critical aspect of Figure 2 is the dose response.  The data and the simulation results cover a full range 
of acetaminophen doses, from subtherapeutic doses through large overdoses. This shows that DILIsym 
accurately predicts the metabolism elimination pathways for acetaminophen across a wide dosing range.  
The metabolism component of the PBPK model is the most important aspect for acetaminophen due to 
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the NAPQI metabolite being the primary driver of toxicity at exposures that deplete glutathione. In 
addition to metabolism, the human acetaminophen PBPK model has also been extensively validated with 
plasma data (26–29), a sampling of which is shown below in Figure 3. 

Figure 3 - Select human acetaminophen PK data (black circles) from a variety of studies (26–28) and dosing 
routes compared to DILIsym simulation results (lines); figure continued on next page 
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Figure 3 continued (29) 
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4.2 Human validation of biomarkers and mechanistic endpoints of toxicity  

Singer 1995 (30) measured AST over time for a large number of acetaminophen overdose patients taking 
an average of about 30 g of acetaminophen, although doses varied.  DILIsym simulations for the average 
human compare well with the data, as shown in Figure 4. 

Figure 4 - AST Measures Over Time for acetaminophen Overdose Patients by Singer 1995 (30) 

 

Watkins 2008 (31) measured hepatic alanine aminotransferase (ALT) in healthy subjects taking 
therapeutic doses of acetaminophen.  DILIsym predicts these very minor but present ALT elevations even 
at low doses, showing that DILIsym correctly represents the full acetaminophen dose response (Figure 5). 

Similarly, Temple 2007 (29,32) measured ALT in subjects taking therapeutic (4 g/day) and 
supratherapeutic (6 g/day and 8 g/day) doses of acetaminophen (Figure 5). In this study, urinary recovery 
of total thiols, which are the metabolites of NAPQI-GSH conjugation, were also quantified (29).  To 
recapitulate the acetaminophen metabolism involved in formation of the NAPQI reactive metabolite in 
these subjects, DILIsym simulations were performed in three sets (i.e., trials) of twelve simulated 
individuals matching urinary recovery of thiols in each study group. DILIsym predicted no ALT elevations 
above the upper limit of normal for 4 g/day for all three trials, consistent with clinical data.  At the 
acetaminophen dose of 6 g/day, no ALT elevations above the upper limit of normal were predicted in 
simulations of one set of 12 individuals, whereas mild ALT elevations were predicted in simulations of two 
sets of 12 individuals with low frequency. Overall, DILIsym simulation results are generally in agreement 
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with clinical data (32), which showed hepatic safety for acetaminophen at the dose of 6 g/day.  At the 
acetaminophen dose of 8 g/day, no ALT elevations above the upper limit of normal were predicted in 
simulations of two sets of 12 individuals, consistent with the clinical data.  DILIsym simulations predicted 
an ALT elevation above 3X upper limit of normal in one set of 12 individuals, but the frequency was low 
(1 out of 12 individuals).  Overall, DILIsym simulations recapitulate the hepatic safety of acetaminophen 
at the acetaminophen dose of 8 g/day (Figure 5).  

Figure 5 - Low Dose acetaminophen Clinical Studies evaluating the plasma ALT elevations in a sensitive 
population at therapeutic doses (31) and in populations matching urinary recovery of thiols at therapeutic 
and supratherapeutic doses (29,32); figure continued on next two pages 
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Figure 5 continued (29,32) 
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Figure 5 continued (29,32) 
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Dixon 1992 (33) assessed AST and bilirubin for a number of acetaminophen overdose patients with MRI.  
The trends in those markers match up very well with the red simulated results.  Even more intriguing and 
important, Dixon 1992 also measured liver ATP changes via MRI.  The DILIsym predictions for ATP match 
up reasonably well (Figure 6), even though this was a blind prediction after DILIsym was fully developed 
and calibrated.  The ATP data provide strong mechanistic validation for the DILIsym predictions of liver 
mitochondrial function and dysfunction as dose increases. 

Figure 6 - Comparison of DILIsym predications compared to data for mitochondrial dysfunction as measure 
by ATP changes in Human Livers via MRI As reported by Dixon 1992 (33) 

 

A critical aspect of acetaminophen injury is the subsequent repair that takes place.  The human liver 
regenerates after this type of acute injury to pre-injury or near pre-injury levels over 3-12 months, with 
much of the regeneration taking place in the nearer term.  A comparison (Figure 7) of the DILIsym liver 
regeneration rates after various doses of acetaminophen and various data sets, including the Portmann 
1975 acetaminophen study (34) and many other liver surgery studies (35–39), shows very clearly that 
DILIsym is accurate and validated for predicting liver recovery from acetaminophen injury, as well as from 
acute liver injury in general. 
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Figure 7 - Simulated Liver Recovery Compared to Measured Liver Recovery After Liver Surgery or Acute 
acetaminophen Injury compared to experimental data (34–39). 

 

The data sets above represent a subset of the clinical validation data available for the acetaminophen 
representation in DILIsym.  The data shown above demonstrate that the platform is sufficiently validated 
and able to support simulations of acetaminophen exposure-response for cellular effects and liver injury 
process in humans. 

4.3 Rodent validation of the physiologically-based pharmacokinetic model of 
acetaminophen and metabolites at various doses 

Figure 8 shows published simulations and experimental results for rats and mice dosed with 
acetaminophen.  The two figure panels show that DILIsym accurately captures the pharmacokinetics of 
acetaminophen as well as the production and clearance of its metabolites.  Rats and mice have different 
metabolic profiles for acetaminophen, and DILIsym simulates these differences correctly. 
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Figure 8: Selected pharmacokinetic data used to optimize the APAP metabolism sub-model for rodents 
(mice and rats), shown with the corresponding simulation results produced with the DILIsym model (1). 

A) Plasma APAP concentration data ( ), simulated plasma APAP concentration ( ), plasma 

APAP-sulfate concentration data ( ), simulated plasma APAP-sulfate concentration ( ), 
plasma APAP-glucuronide concentration data ( ), simulated plasma APAP-glucuronide 
concentration ( ) for C57Bl/6 mice dosed via oral gavage with 300 mg/kg APAP. Mean and SD 
shown (1) . 

B) Plasma APAP concentration data ( ), simulated plasma APAP concentration ( ), plasma 

APAP-sulfate concentration data ( ), simulated plasma APAP-sulfate concentration ( ), 
plasma APAP-glucuronide concentration data ( ), simulated plasma APAP-glucuronide 
concentration ( ) for Sprague-Dawley rats dosed intravenously with 300 mg/kg APAP (40). 

 
 

To illustrate DILIsym’s ability to recapitulate pharmacokinetics for a range of doses of acetaminophen in 
rodents, Figure 9Figure 9 shows simulations versus rata data for plasma acetaminophen across a wide 
dosing range (41). 
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Figure 9: Simulated and measured APAP plasma levels in rats in doses ranging from 37.5 mg/kg to 600 
mg/kg.  Data from Hjelle 1984 (41) and simulations from DILIsym. 

 
 

4.4 Rodent validation of biomarkers and mechanistic endpoints of toxicity  

DILIsym has been extensively validated with respect to prediction of mechanistic and outcomes-related 
endpoints in rodents.  Figure 10 shows good agreement between simulated and measured (42–49) GSH 
depletion in mice given 300 mg/kg of acetaminophen.  The dynamic response, including GSH repletion, is 
well-captured within DILIsym. 
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Figure 10: GSH depletion and repletion in mice given 300 mg/kg predicted by DILIsym (red line) and 
measured in mice (symbols) (42–49). 

 

 

GSH depletion in rats, along with rapid repletion upon dosing of N-acetylcysteine (NAC), is shown in 
Figure 11(50).  DILIsym correctly simulates both the control (APAP) and treated (APAP + NAC) cases. 
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Figure 11: GSH depletion and repletion through treatment with NAC in rats as a function of time, both 
simulated (red lines) and measured (50). 

 

In addition to predicting GSH dynamics in rodents, DILIsym was also designed to simulate  protein adducts 
produced in the liver when acetaminophen is administered to rodents at high doses.  Figure 12 to Figure 
14 for rats (51), mice (46), and mice (48) show liver protein adducts (Figure 12), liver GSH (Figure 13) and 
protein adducts (Figure 14), and liver protein adducts + plasma protein adducts + liver GSH, respectively.  
In all cases, the simulations (red lines) line up reasonably well with the measured data.   
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Figure 12: Liver protein adduct levels in rat livers versus time after APAP dosing from DILIsym (red line) 
and measured (51). 

 

 

Figure 13: Liver GSH and protein adducts from Vaquero 2007 (mouse) (46) and simulated (red lines). 
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Figure 14: Liver protein adducts + plasma protein adducts + liver GSH from Muldrew 2002 (mouse) (48) 
and simulated (red lines). 

 

A critical part of the acetaminophen liver toxicity pathway involves mitochondrial function impairment.  
DILIsym is capable of simulating the kinetic changes in liver ATP as the acetaminophen dose increases in 
both mice and rats.  This change in ATP occurs due to an inhibition of ATP production in the liver.  Figure 
15 and Figure 16 show that DILIsym represents the drop in liver ATP with increasing acetaminophen 
dose reasonably well in rodents. 
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Figure 15: Liver ATP versus time in mice from a number of studies (52–55) and simulated (red lines) by 
DILIsym across a dose range of 100 mg/kg to 600 mg/kg.  

 

Figure 16: Liver ATP versus time in rats from a number of studies (56–59) and simulated (red lines) by 
DILIsym across a dose range of 800 mg/kg to 1500 mg/kg. 
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The ultimate outcome of the reactive metabolite production from acetaminophen, the drop in GSH, and 
the impairment of ATP production is cell death.  This leads to liver enzyme spillage.  Figure 17 and Figure 
18 below show ALT versus APAP dose in mice and rats from DILIsym and a large number of preclinical 
studies.  While the data is extremely variable across different studies, DILIsym does a reasonable job of 
recapitulating the dose response.  The mouse and rat SimPops with variability within DILIsym have 
simulated animals with variability in sensitivity as well. 

Figure 17: ALT versus APAP dose from various mouse studies (45,60–76) and DILIsym (red lines). 
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Figure 18: ALT versus APAP dose from various rat studies (57,77–87) and DILIsym (red lines). 

 

With an emphasis on clinical acetaminophen within this work, not all rodent validation data is included.  
However, there is a large battery of very mechanistic and preclinical biomarker data supporting the 
DILIsym representations for mice and rats available in the primary and supplemental text of the following 
publications: (1–3). Readers are highly encouraged to review the referenced DILIsym acetaminophen 
publications to see the full scope of the validation of DILIsym for representing acetaminophen accurately 
across species.   
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5 Simulation of the Acetaminophen Liver Toxicity Pathway Shows that 
its Mode of Action Precludes it from Being a Carcinogenic Hazard 

For this analysis of acetaminophen, thousands of unique human scenarios were simulated that were 
comprised of a) unique simulated individuals with variability in underlying biochemical and functional 
pathways including phenotypic variation in metabolism (DILIsym SimPops 
“Human_APAP_ROS_apop_mito_v3B_2” comprised of 300 simulated humans) and b) different dosing 
schemes including low, medium, and high doses.  A database of simulation results from this series of 
simulations was compiled, allowing us to visualize the steps involved in the acetaminophen hepatotoxicity 
pathway and how those steps relate to the key characteristics that have been attributed to increased risk 
for carcinogenicity, including reactive molecules and ROS.  The simulated results were compared to animal 
and human data where available.   

5.1 Sequence of Events in Acetaminophen MOA Pathway 

The sequence of events occurring along the acetaminophen toxicity pathway can be viewed as a time-
course at a given dose level or based on the dose/exposure-response.  Starting with the kinetic 
perspective, the top half of Figure 19 shows that at therapeutic doses GSH levels are slightly reduced but 
there is sufficient capacity to bind up all of the NAPQI.  The bottom half of Figure 19 shows how following 
a 20 g overdose of acetaminophen per day for 1 week, GSH is depleted within a day, and then ROS, NAPQI-
protein adducts, and mitochondrial impairment increase in parallel.  
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Figure 19: Kinetic view of acetaminophen Effects in Liver Under Therapeutic and Overdose Conditions 
(Subject 298 from the SimPops of 300) 

 

*See Table 1 for validation summary of each of these endpoints with DILIsym  
 
Cell death occurs shortly after these events, as there is a slight delay for cells to die once ATP production 
is reduced.  This simulated sequence shows that acetaminophen liver toxicity is binary from a kinetic 
standpoint – once GSH is depleted and the effective buffer for NAPQI conjugation is gone, mitochondrial 
dysfunction drives oxidative stress and cell death, and subsequent repair through regeneration of 
hepatocytes occurs. The kinetics of acetaminophen injury in the liver have been studied in animals (48) 
(Figure 20), and the results support the simulated depiction of the event in humans in Figure 19 as 
reasonable.  
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Figure 20: Mice treated with acetaminophen at a hepatotoxic dose of 300 mg/kg i.p. (n = 5) and were 
sacrificed at designated times. Samples of liver were analyzed for acetaminophen-CYS and GSH and the 
time course for APAP-CYS increase matches the time course for the decrease in liver GSH (Muldrew 2002 
(48)) 

 

The reduction in liver GSH within the mouse study is very much coincident with the increase in covalent 
binding, which is in good agreement with the simulated overdose case of 20 g per day in Figure 19. 

The sequence of events within the acetaminophen MOA for toxicity can also be viewed through from an 
exposure-response perspective, as shown in Figure 21.  The figure highlights the events in the 
centrilobular region of the liver specifically, which should be noted since that zone is the most sensitive 
to acetaminophen toxicity.  In the small centrilobular region of the liver that is most sensitive to 
acetaminophen due to the presence of more CYP450 metabolizing enzymes in that zone, single doses up 
to about 10 g of acetaminophen produce minimal ROS and still leave adequate GSH buffer.  Beyond 10 g, 
ROS and mitochondrial function impairment increase concurrently, with cell death again becoming 
evident through increased ALT with a slight delay.  Last in the sequence of events is an increase in 
hepatocellular proliferation that provides repair of the damaged areas of the liver, assuming the dose is 
low enough for the liver damage to be less than a critical level, in which case the patient will survive and 
make a full recovery.   
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Figure 21: Acetaminophen Dose Escalation Simulations for Centrilobular Region of Liver 

 

*See Table 1 for validation summary of each of these endpoints with DILIsym  
 
The sequence can also be visualized across the entire liver in an exposure-response manner, with more 
endpoints as well (Figure 22).  The normalized figure shows the sequence of events from an average liver 
standpoint, as opposed to a specific region or zone of the liver: acetaminophen exposure at clinically 
relevant doses causes minimal GSH depletion, minimal cell death, and minimal mitochondrial injury and 
ROS; acetaminophen exposure beyond this level (around approximately 10 g for the single dose case) 
leads to substantial GSH depletion, increases in NAPQI available to bind to various cellular targets, 
coincident mitochondrial function impairment and ROS, increases in NAPQI-protein adducts, cell death 
and associated biomarkers, and lastly, injury repair via hepatocellular regeneration.  
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Figure 22: Dose Escalation Simulations for the whole liver show that acetaminophen exposure at clinically 
relevant doses causes minimal GSH depletion, minimal cell death, and minimal mitochondrial injury and 
ROS. As acetaminophen exposure reach approximately 10 g for the single dose case, there is substantial 
GSH depletion, increases in NAPQI protein adducts, impaired mitochondrial function resulting in Reactive 
Oxygen Species (ROS) and cell death. Lastly, liver injury is repaired via hepatocellular regeneration. Since 
no DNA adducts have been structurally identified in vivo they are not considered in the modeling. 

 

*See Table 1for validation summary of each of these endpoints with DILIsym  
 
Beyond the extensive prior validation of the DILIsym software for representing and depicting the MOA, 
experimental evidence also exists (88) to support these simulated depictions of the acetaminophen MOA 
from an exposure-response standpoint.  For example, Figure 23shows liver GSH and covalent binding as 
the acetaminophen dose increases in hamsters.  NAPQI covalent binding increases sharply as GSH falls, in 
full qualitative agreement with the trends shown in Figure 21 and Figure 22.   
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Figure 23: Comparison of covalent binding of 3 H-acetaminophen in vivo to hamster hepatic protein (■) 
and hepatic glutathione depletion in hamster (o) 3 h after the intraperitoneal administration of varying 
doses of 3 H-acetaminophen. Each point represents the mean ± standard error of determinations in at 
least three hamsters. (Potter 1974 (88)) 

 

5.2 Lack of Key Characteristics of Carcinogenicity in Humans in the Absence of Toxicity 

The 4 g per day time-course plot from Figure 19 shows that excess GSH buffer capacity leads to no ROS or 
mitochondrial function impairment in an average patient, as well as an absence of cell death.  However, 
at the 20 g per day dosing level (bottom of Figure 19), the GSH buffer is wiped out and the sequence of 
events leading to toxicity occur.  The two figures effectively illustrate a critical aspect of acetaminophen 
toxicity that precludes it from being carcinogenic: either excess buffer capacity through GSH and cytosolic 
proteins prevents any ROS or injury by de-activating the reactive NAPQI, or hepatocyte death occurs in 
the event of complete depletion of GSH.  At no time in this sequence of events do material amounts of 
ROS get produced unless those cells die, and at no point does any nuclear DNA damage occur unless 
again, those cells die.  Therefore, the reactive metabolites and ROS produced during this sequence, in 
the event of toxicity, do not fall under the heading of key characteristics of carcinogens, since they only 
appear coincident with cell death.  

The centrilobular liver region dose response simulation (Figure 21) also shows that the events associated 
with acetaminophen toxicity either do not occur due to the GSH buffer (therapeutic and supratherapeutic 
doses) or occur as a collective set of events associated with liver injury and cell death.  This narrow window 
between GSH being depleted and liver cell death is strong evidence for the lack of a dosing level where key 
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characteristics of carcinogenicity occur for acetaminophen but without those same cells dying and then 
regenerating as healthy cells.  Figure 22 provides further confirmation, where plasma acetaminophen 
values in the therapeutic range lead to minimal toxicity or stress.  Furthermore, Figure 22 highlights that 
cell death starts right as the average liver GSH is depleted to 30% or less, exactly coincident with ROS 
increases, protein adduction, and mitochondrial dysfunction occurs.   

In summary, acetaminophen is somewhat unique in that its MOA for toxicity leads to a very binary 
response: safe use at clinically relevant levels or liver injury at higher doses.   

5.3 Population variability in GSH, Acetaminophen PK, and ROS Clearance 

The simulated kinetics and dose-response of acetaminophen exposure in the average individual shown 
above clearly shows adequate buffer and protection from any ROS or un-mitigated reactive species at 
clinically relevant acetaminophen doses, with a narrow range for the conversion from this regime to a 
regime where ROS is generated, but is generated concurrent with mitochondrial toxicity and cell death 
that is marked by GSH depletion.  However, it is important to understand whether or not this picture 
changes with population variability.  The DILIsym acetaminophen SimPops contains variability in baseline 
liver GSH concentrations, GSH synthesis capability, ROS clearance, acetaminophen ADME processes (PK), 
body mass, and sensitivity for mitochondrial function impairment (Human_APAP_ROS_apop_mito_v3B_2 
SimPops).  The ranges for variability were taken from literature and are documented within the DILIsym 
software.   

A myriad of acetaminophen dosing protocols was simulated in the SimPops containing 300 simulated 
humans.  Figure 24 shows the population picture from a kinetic viewpoint at 4 g of acetaminophen per 
day and 12 g of acetaminophen per day over 1 week.  The 4 g time-course shows adequate GSH buffer 
across the full population, with minimal effects on mitochondrial function and minimal hepatocyte death.  
Clearly, the actual clinical use case of acetaminophen does not subject patients to stress in their livers that 
would have any relevance for carcinogenicity, even when considering a wide range of patient types.  On 
the other hand, the 12 g per day time-course in Figure 24 shows GSH depletion occurring in some 
members of the SimPops, which then leads to mitochondrial impairment and cell loss (slightly delayed 
since ATP levels have to drop over a period of time, which then causes cell death).  The population-level  
Figure 24 outlines the close connection between GSH depletion, mitochondrial dysfunction, and cell 
death, and again highlights the key point: Acetaminophen exposure only results in significant oxidative 
stress or DNA effects under conditions that cause cell death.  Simulations support this observation across 
a wide range of patient types and backgrounds.
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Figure 24: Kinetic Liver Effects of acetaminophen Simulated in Human SimPops of 300 Individuals at 2 Doses 
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In addition, Figure 25 shows the full population response as a single dose of acetaminophen is escalated.  
The GSH buffer covers the clinical use case window, while mitochondrial impairment, protein adduction, 
and cell death all occur as patients get to significantly depleted GSH levels in their livers.   

Figure 25: Normalized Range from SimPops of GSH, Mitochondrial Impairment, NAPQI-Protein Adduction, 
and Cell Death for a Single Dose of acetaminophen Across a Range of Doses 

 

Experimental support for the population level dose response shown in Figure 25 can be found in Davis 
1976 (89), as shown below.  The study showed that minimal damage to the liver occurred below 10 g of 
acetaminophen, which is approximately where complete GSH depletion occurs for the most sensitive 
subject in the simulations.  The study also supports the notion that moderate cell death occurs between 
10 and 20 g of acetaminophen (range of 0% cell loss to severe cell loss in Figure 25), with the injury 
becoming more severe beyond 20 g for most people (most of shaded region in Figure 25  has significant 
cell loss beyond 20 g of acetaminophen).   
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Table 2: Davis 1976 (89) Study of Human Overdose Cases Showing a Clear Pattern of Liver Damage Starting 
at About 10 g of acetaminophen and Becoming More Severe Beyond 20 g 

 

Taken together, Figure 24 and Figure 25 show that across a wide array of patient backgrounds, clinically 
relevant exposures of acetaminophen do not lead to meaningful cellular stress that would have any 
impact on carcinogenicity, and that when cellular stress does occur, the levy is breached and cell death 
also occurs.  Where this window of toxicity occurs will vary by patient, but within each patient being 
considered, the concept of the built-in defense mechanism for acetaminophen holds true. 
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6 Simulations of Exposures in the Animal Carcinogenicity Studies 
Compared to Humans Demonstrate Exposure Coverage 

6.1 Methods for Exposure and Toxicity Simulations 

DILIsym version v8A Patch 1 was used for all simulations described in this document.  Physiologically-
based pharmacokinetic (PBPK) modeling and hepatotoxicity parameters for acetaminophen in humans, 
rats, and mice were previously developed and represented within DILIsym (1–3).  SimPops are collections 
of simulated individuals with parameter variability designed to reflect appropriate biochemical and 
anthropometric ranges.  Parameters are selected based on their known or hypothesized biological 
importance or based on the systematic identification of parameters that critically affect portions of the 
modeled biochemistry.  For human simulations in this work, a previously constructed human SimPops that 
include variability and acetaminophen exposure and hepatotoxicity parameters 
(Human_APAP_ROS_apop_mito_v3B_2, n=300) was employed. To assess the coverage of human 
acetaminophen exposure in animal carcinogenicity studies, four human acetaminophen dosing protocols 
were simulated (Table 1); 

• Therapeutic 
o PO 3 g/day TID for 7 days 
o PO 4 g/day QID for 7 days 

• Supratherapeutic 
o PO 8 g/day QID for 7 days 

• Acute overdose 
o A single oral dose of 30 g 

For rat and mouse simulations in this work, 15 rats and 15 mice with varying sensitivity to acetaminophen-
mediated hepatotoxicity were selected from existing rat and mice SimPops (Rat_ROS_apop_mito_v3B_5 
and Mouse_ROS_apop_mito_v3B_4), respectively.  Because these rat and mice SimPops did not represent 
variability in acetaminophen exposure, PK variability was simulated by increasing (High PK) or decreasing 
(Low PK) acetaminophen dose by 10% in addition to the original dose (Medium PK).  As a result, each rat 
and mouse carcinogenicity protocol was simulated in 45 animals with varying acetaminophen exposure 
and hepatotoxicity parameters.  Simulated carcinogenicity protocols are listed in Table 4and Table 5.  
Acetaminophen hepatotoxicity parameters for rat and mouse were calibrated using mortality data from 
reported carcinogenicity studies (90) because initial simulations with default parameters predicted 
significant hepatotoxicity and overpredicted mortality.  This is reasonable, since sensitivity to 
acetaminophen varies greatly by lab, strain, and dosing route within the literature. 

6.2 Analysis of Predicted Acetaminophen Exposure in Carcinogenicity Studies 

Simulated pharmacokinetic endpoints for human protocols and rodent carcinogenicity protocols are 
presented in Table 3 and Table 4, respectively.  Specifically, the AUC0-24hr were calculated for 
acetaminophen, acetaminophen-glucuronide, and acetaminophen-sulfate from simulated plasma 
concentration-time curves of each chemical entity.  AUC, not Cmax, was selected for comparison of PK 
exposure in humans vs. animals because AUC is less impacted by different patterns of acetaminophen 
administration; humans were administered acute oral doses whereas animals had continuous 
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acetaminophen ingestion via food consumption.  Because NAPQI is an unstable reactive metabolite, the 
total amount of NAPQI formed during 24 hr, not hepatic concentration, was calculated and used for 
comparison.  

Table 3: Simulated pharmacokinetic parameters of acetaminophen at different human dosing scenarios. 
For comparison, *For comparison measured AUC measured in humans at therapeutic doses 221 ± 54 
µg*hr/mL (McNeil 2002 – FDA Briefing Book) 

Dosing Scenario Sex Daily Dose 
Duration 

of 
Exposure 

Pharmacokinetic Endpoints 

APAP  
AUC0-24hr 

(µg*hr/mL) 

APAP-
Glucuronide  

AUC0-24hr 
(µg*hr/mL) 

APAP -
Sulfate 

AUC0-24hr 
(µg*hr/mL) 

NAPQI 
formation 
(µmol/kg 

body 
weight/24 

hr) 

Therapeutic M/F 
3 g/day 1 week 152.4 ± 36.0 345.4 ± 83.3 103.1 ± 15.3 39.7 ± 12.7 

4 g/day 1 week 203.0 ± 48.8* 447.0 ± 108.3 124.1 ± 16.6 53.2 ± 17.0 

Supratherapeutic M/F 8 g/day 1 week 468.2 ± 118.3 906.2 ± 217.9 181.7 ± 17.5 121.3 ± 
38.3 

Acute overdose M/F Single dose 30 g Single dose 3944.5 ± 1051.6 3352.0 ± 808.4 269.7 ± 10.5 840.6 ± 
232.9 

 

Simulated hepatotoxicity endpoints for each carcinogenicity protocol in rat and mouse are presented in 
Table 4 and in Figure 26 and Figure 27.  Specifically, the minimum fraction viable hepatocytes, peak ALT 
(i.e., a biomarker of liver injury), and mortality due to hepatotoxicity were analyzed to assess potential 
hepatotoxicity for each carcinogenicity protocol. 

The exposure analysis and simulations support the following conclusions: 

• Acetaminophen dose levels for human therapeutic, supratherapeutic, and overdose scenarios were 
covered by rodent carcinogenicity studies. 

• Acetaminophen exposure in human therapeutic and supratherapeutic doses, but not acute overdose, 
were covered by rat carcinogenicity studies.   

• Acetaminophen and NAPQI exposure in human therapeutic, supratherapeutic, and overdose 
scenarios were covered by mouse carcinogenicity studies.   

• Acetaminophen-induced hepatotoxicity is likely to have been present, although was not always 
reported, in most of mouse study protocols and one rat study protocol. 

Table 5 presents a comparison of acetaminophen dose, simulated AUC0-24hr of plasma acetaminophen, 
and simulated NAPQI formation in rodent carcinogenicity studies to those in human protocols.  The ratios 
of the highest rodent acetaminophen dose in each study to human maximum therapeutic (4 g/day for 7 
days) and supratherapeutic (8 g/day for 7 days) doses was greater than 1.  The ratios of the highest rodent 
acetaminophen dose to human overdose (single dose of 30 g) was greater than 1 for all rodent 
carcinogenicity studies except for rat NTP study where the ratio was 0.7.  These results suggest that 
acetaminophen dosing levels for the human therapeutic, supratherapeutic, and overdose conditions were 
covered by these four rodent carcinogenicity studies collectively.  The ratios of mice acetaminophen 
exposure to human acetaminophen exposure were smaller than 1 for all three human dosing protocols.   
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Simulations predicted varying levels of hepatotoxicity for the mouse carcinogenicity protocol simulated.  
In the NTP 1993 study, no hepatotoxicity was predicted at the lowest dose (i.e., 600 ppm), whereas up to 
6% and 9% of mean hepatocyte loss due to acetaminophen hepatotoxicity were predicted for 3000 ppm 
and 6000 ppm doses, respectively.  The magnitude of plasma ALT elevations was not high (59.5 U/L and 
142.2 U/L at 3000 ppm and 6000 ppm, respectively, compared to the baseline value of 40 U/L), indicating 
gradual hepatotoxicity over long-term acetaminophen ingestion (Figure 26).  No mortality was predicted 
for all the dose levels in the NTP 1993 study, consistent with the study report (90).    
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Table 4: Simulated pharmacokinetic and hepatotoxicity endpoints of acetaminophen in the NTP rodent carcinogenicity studies. 

Study Species Sex 
Diet 

Exposure 
(PPM) 

Reported 
Dose 

(mg/kg) 

Duration 
of 

Exposure 

Pharmacokinetic Endpoints Hepatotoxicity Endpoints 

Indication of 
Hepatotoxicity 

APAP  
AUC0-24hr 

(µg*hr/mL) 

APAP-
Glucuronide  

AUC0-24hr 
(µg*hr/mL) 

APAP -Sulfate 
AUC0-24hr 

(µg*hr/mL) 

NAPQI 
formation 

(µmol/kg body 
weight/24 hr) 

Minimum 
Fraction 
Viable 

Hepatocytes 

Peak ALT (U/L)* Mortality† 

NTP 
1993 

Mouse 
(B6C3F1) F 

600 110 103 wks 9.7 ± 0.9 154.4 ± 13.4 18.8 ± 1.6 386.1 ± 40.0 1.00 ± 0 40.0 ± 0 0/45 No 

3000 600 103 wks 65.3 ± 6.8 977.5 ± 96.9 94.3 ± 7.1 1977.0 ± 194.4 0.94 ± 0.01 59.5 ± 13.9 0/45 Yes 

6000 1200 103 wks 165.8 ± 20.2 2323.3 ± 258.7 168.6 ± 10.9 3588.5 ± 320.4 0.91 ± 0.01 142.2 ± 73.6 0/45 Yes 

NTP 
1993 

Rat 
(F344/N) F 

600 35 103 wks 0.13 ± 0.01 1.7 ± 0.2 96.6 ± 8.0 0.1 ± 0.02 1.00 ± 0 21.0 ± 0 0/45 No 

3000 160 103 wks 5.44 ± 2.2 26.2 ± 6.2 423.7 ± 30.9 2.4 ± 0.6 1.00 ± 0 21.0 ± 0 0/45 No 

6000 320 103 wks 146.7 ± 36.3 261.6 ± 52.9 604.6 ± 12.7 29.5 ± 6.8 1.00 ± 0 21.0 ± 0 0/45 No 

*Baseline ALT levels in DILIsym are 40 U/L and 21 U/L for mouse and rat, respectively. 
†The simulated animal “dies” when it loses > 85% of viable hepatocytes within DILIsym. 
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Table 5: Comparison of acetaminophen dose, acetaminophen exposure, and NAPQI formation in rodent carcinogenicity studies vs. humans  

Study Species Sex 
Diet 

Exposure 
(PPM) 

Reported 
Dose 

(mg/kg) 

Duration 
of 

Exposure 

Ratio of APAP dose 
(mg/kg) in rodents to 

human 

Ratio of APAP exposure 
(AUC0-24hr) in rodents to 

human 

Ratio of NAPQI 
formation (µmol/kg 

bw/24 hr) in rodents to 
humans 

Max 
Ther. 
Dose* 

Supra-
ther. 
Dose  

Over 
dose 

Max 
Ther. 
Dose* 

Supra-
ther. 
Dose 

Over 
dose 

Max 
Ther. 
Dose* 

Supra-
ther. 
Dose 

Over 
dose 

NTP 
1993 

Mouse 
(B6C3F1) F 

600 110 103 wks 1.9 1.0 0.3 0.05 0.02 0.002 7.3 3.2 0.5 
3000 600 103 wks 10.5 5.3 1.4 0.3 0.1 0.02 37.1 16.3 2.4 
6000 1200 103 wks 21.0 10.5 2.8 0.8 0.4 0.04 67.4 29.6 4.3 

NTP 
1993 

Rat 
(F344/N) F 

600 35 103 wks 0.6 0.3 0.1 0.0007 0.0003 0.00003 0.003 0.001 0.0002 
3000 160 103 wks 2.8 1.4 0.4 0.03 0.01 0.001 0.05 0.02 0.003 
6000 320 103 wks 5.6 2.8 0.7 0.7 0.3 0.04 0.6 0.2 0.04 

* Maximum therapeutic dose: 4 g/day TID for 7 days. 
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Figure 26: Simulated fraction viable hepatocytes (a, c, e) and plasma ALT (b, d, f) at the dose of 600 ppm 
(a and b), 3000 ppm (c and d), and 6000 ppm (e and f) in the mouse NTP 1993 study. Each line represents 
each simulated animal. 
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Figure 27: Simulated fraction viable hepatocytes (a, c, e) and plasma ALT (b, d, f) at the dose of 600 ppm 
(a and b, 3000 ppm (c and d), and 6000 ppm (e and f) in the rat NTP 1993 study. Each line represents each 
simulated animal. 
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7 Simulations of Acetaminophen Overdose in Humans Support that 
Overdose Dose not Result in a Carcinogenicity Hazard 

7.1 Overview 

Acetaminophen (APAP) overdose simulations were conducted using DILIsym’s virtual human population 
(SimPops) to assess the implications of overdose hepatotoxicity on the likelihood of APAP representing a 
human hazard for carcinogenicity.  Based on the results, the following conclusions can be drawn: 

• The overdose SimPops simulations show significant hepatocyte damage that depends on 
individuals’ susceptibility 

• For single dose administration of 30 g APAP with N-acetyl cysteine (NAC), most simulated 
patients recover over time while some do not survive; surviving individuals exhibit significant 
hepatocyte loss, many showing a loss of 10 - 50% viable hepatocytes;  

• Extended SimPops simulations reveal that, over time, surviving patients restore normal liver 
function through replacement of lost hepatocytes via cellular proliferation and regeneration; 

• The SimPops simulation suggest that, under overdose conditions, any potential APAP mediated 
DNA-damaged cellular domain will encounter hepatocyte loss and then regeneration that 
ultimately eliminates DNA damaged cells and makes overdose APAP genotoxicity unlikely to 
occur. 

7.2 APAP Overdose SimPops Simulation 

To analyze the fate of hepatocytes under APAP overdose conditions and assess any implications for 
carcinogenicity, we employed the DILIsym APAP model to simulate the toxic effect of a single 30 g dose 
with N-acetyl cysteine (NAC).  NAC is a known antioxidant and glutathione precursor that is often 
administered to treat patients with APAP overdose. The pharmacokinetics and precursor effects of NAC 
have been represented and validated in DILIsym using clinical and preclinical data from the literature (3).  
For APAP overdose simulations, we employed a DILIsym SimPops that represents 300 individuals with 
pharmacokinetic and hepatotoxic response variability. The overdose simulation was carried out for 7 days 
and key endpoints were analyzed to provide evidence on the severity of APAP hepatotoxicity and the 
unlikelihood of APAP carcinogenicity under the acute overdose condition.  

7.3 Severe Liver Toxicity Under APAP Overdose Condition 

Drug induced liver toxicity is often detected using serum alanine aminotransferase (ALT) and total 
bilirubin (TBL) as biomarkers. The occurrence of plasma ALT elevations accompanied by increased plasma 
TBL is the most specific predictor of drug induced hepatotoxicity. Typically, plasma ALT levels that reach 
three times above the upper limit of normal (ULN) marks meaningful hepatotoxicity.  A condition where 
plasma ALT > 3 X ULN and TBL > 2 X ULN (in DILIsym, the ULN for plasma ALT is 40 U/L and that of total 
bilirubin is 1 mg/dL) belongs to the notation of a Hy’s law case, a situation where the severity of DILI is 
either fatal or requires liver transplantation in 10% of those cases (91–95).  Therefore, the plasma ALT and 
total bilirubin are used to predict the severity of liver toxicity under APAP overdose conditions. 

Figure 28 shows plots of plasma ALT and TBL for the 300 virtual patients at the 30 g dose. 
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Figure 28: Plasma ALT, plasma TBL and eDISH plot of APAP overdose virtual patients. The eDISH plot 
depicts the severity and frequency of DILI incidence by dividing the plasma total bilirubin versus plasma 
ALT plot into four quadrants that represent the normal (ALT < 3 X ULN, TBL < 2 X ULN), hyperbilirubinemia 
(ALT < 3 X ULN, TBL > 2 X ULN), Temple’s corollary (ALT > 3 X ULN, TBL < 2 X ULN), and Hy’s law (ALT > 3 X 
ULN and TBL > 2 X ULN) ranges. 

 

Figure 28 (left) shows significant ALT elevations (much higher than 3 X ULN) under overdose conditions, 
where the peak in ALT elevations show individual variabilities (a similar behavior is observed for plasma 
total bilirubin.  Most virtual patients exhibit high ALT elevations that resolve to normal over time.  On the 
other hand, extreme cases of overdose exposure are also found in the SimPops simulation where 
individuals show no recovery.  Such behavior is depicted better in the so-called eDISH plot, a graphical 
representation for the severity and frequency of DILI incidence. The eDISH plot depicted in Figure 28 
shows three virtual patients in the Hy’s law range, indicating individuals with serious injury.  The plot also 
reveals many virtual patients in the Temple’s Corollary (ALT > 3 X ULN, TBL < 2 X ULN) range. Although not 
as detrimental as the Hy’s law case, the high plasma ALT elevations of the Temple’s Corollary range signify 
clinically relevant hepatotoxicity.  

Overall, the overdose SimPops simulation reveals significant liver toxicity under overdose conditions.  

7.4 Diminished Cellular Viability Under APAP Overdose Conditions 

The overdose SimPops simulation shows significant hepatocellular damage depending on the individual’s 
susceptibility.  At the cellular level, excessive NAPQI (arising from APAP overdose and GSH depletion) 
covalently binds with cellular macromolecules and leads to an increase in ROS production. The rise in 
APAP mediated ROS production is depicted in Figure 29 (Left) where the normalized liver average ROS 
levels of 300 simulated patients is shown.  

Plasma ALT 
Plasma bilirubin 

eDISH 
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Figure 29: Plots of liver average RNS/ROS, liver average GSH and fraction of viable hepatocytes of APAP 
overdose virtual patients. 

 

The plot depicts the acute ROS elevations that show individual variation. The variations in individuals’ 
susceptibility against ROS can be partly attributed to the variations in the level of GSH depletion.  Figure 
29 (middle) demonstrates the variation in the liver average GSH of the virtual human population.  The plot 
shows the early NAPQI mediated decline of liver GSH and delayed recovery through the up-regulation 
feedback mechanisms including the nuclear factor (erythroid-derived 2)-like 2 response.  The plot shows 
dynamic GSH recovery by all surviving virtual patients, whereas highly susceptible simulated individuals 
lack such recovery.  The combined effect of unregulated ROS elevation and other inter-related 
intermediate processes (e.g., mitochondrial impairment and ATP decline) results in the onset of 
hepatocyte loss in the form of necrosis and/or apoptosis.  Figure 29 (right) depicts the change in the 
fraction of viable hepatocytes illustrating APAP mediated hepatocyte loss.  The figure reveals that many 
surviving individuals exhibit significant loss of hepatocytes, some showing up to 50% viable hepatocyte 
loss.  On the other hand, three highly sensitive simulated patients show much higher hepatocyte loss 
before termination (DILIsym uses 85% loss of viable hepatocyte for termination/death (34,96)), 
demonstrating fatal cases of acute APAP overdose. 

7.5 Immune Response-Mediated Long-Term Cellular Regeneration  

To assess long term recovery of APAP overdose patients, we conducted overdose SimPops simulations of 
a single dose 30 g APAP with NAC for an extended period of time (1 year).  The extended SimPops 
simulations show that, overtime, surviving simulated patients recover through a complex process that 
involves innate immune responses and hepatocyte proliferation.  Briefly, necrotic hepatocytes release 
damage-associated molecular pattern (DAMP) molecules that stimulate macrophages.  Macrophages in 
turn produce mediators such as TNF and HGF that contribute towards hepatocyte proliferation. Increased 
proliferation results in the regeneration of hepatocytes that are free of drug toxicity.  As an illustration of 
the intermediate process in this cascade of events, Figure 30 (left) depicts the plot of plasma TNF, a 
mediator produced due to macrophage stimulation.    
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Figure 30: Plots of plasma TNF, hepatocyte proliferative flux and fraction of viable hepatocytes for 
extended simulation of APAP overdose virtual patients 

 

Figure 30 (middle) also shows the amount of hepatocyte proliferation flux for virtual patients that show 
elevations during the cascade of events leading to recovery.  Finally, Figure 30 (right) shows the rise in the 
fraction of viable hepatocytes as recovery progresses.  As shown in the figure, the time for recovery varies 
among individuals, depending on the injury severity and individual’s susceptibility.  

Overall, increased hepatocellular proliferation arising from a cascade of events initiated by hepatocyte 
necrosis allows for the replacement of hepatocytes that are lost due to acute overdose injury, replenishing 
the liver by renewed hepatocytes that recover normal liver function.   

7.6 Implications for Carcinogenicity 

Acetaminophen overdose leads to the saturation of sulfation and glucuronidation pathways and GSH 
depletion, causing increased protein binding with NAPQI and the possibility of DNA binding, although 
there are no data supporting the latter in vivo or in humans.  In the liver, under overdose conditions, 
acetaminophen mediated ROS causes significant hepatocellular injury and death, whereas necrotic 
hepatocytes stimulate acute immune responses that contribute to hepatocyte proliferation and 
regeneration.  The recycling of hepatocytes under overdose conditions leads to the clearance and 
replacement of damaged cells that have the potential for carcinogenicity.  

Therefore, due to significant hepatocyte loss followed by regeneration of healthy normal liver under 
overdose conditions, it is unlikely that acetaminophen causes carcinogenicity.  Those hepatocytes with 
damage are more likely to be eliminated by necrosis due to drug toxicity effects and be replaced by 
renewed hepatocytes. 
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8 Conclusions 

At therapeutic acetaminophen doses across a representative patient population with variations in 
baseline glutathione, the modeling and simulations results, which are consistent with extensive 
mechanistic experimental data, support that cellular glutathione deactivates the NAPQI metabolite and 
there is sufficient buffering capacity to prevent any meaningful protein adduct formation or oxidative 
stress.  As acetaminophen exposures increase after large overdoses, cell death occurs before any adverse 
conditions occur (e.g. oxidative stress or DNA damage) that could result in carcinogenicity. Simulations on 
the exposures in the animal carcinogenicity studies and in humans support that the animal carcinogenicity 
studies adequately evaluated the range of exposure conditions in humans. The modeling and simulation 
results also support that acetaminophen is not a carcinogenicity hazard to human health under any 
conditions, including at therapeutic and supratherapeutic doses and  an acute overdose.   
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	1 Executive Summary
	The objective of this document is to present the modeling and simulations results that were obtained using the DILIsym® Quantitative Systems Toxicology (QST) platform in support of a broader assessment of the carcinogenicity hazard potential of acetaminophen. The DILIsym QST platform was developed to evaluate and understand potential mechanisms of drug-induced liver injury and has been validated using experimental data for compounds such as acetaminophen. 
	This document serves as a companion document to a comprehensive weight of evidence assessment of the animal carcinogenicity, genetic toxicology and epidemiology data for acetaminophen that is being submitted in response to the OEHHA Hazard Identification Document (HID). It should be viewed as a supporting document and not read in isolation.
	QST modeling provides a physiologically-based mathematical approach to simulate the potential impact of variation in underlying biological parameters across a patient population on toxicity, and to extrapolate/interpolate exposures and margins where they may not have been directly measured experimentally.
	In the context of this carcinogenicity hazard assessment of acetaminophen, the DILIsym platform was used to
	 Simulate different acetaminophen dosing schemes (therapeutic, supratherapeutic, and overdose conditions) in 300 unique simulated human individuals and animal cohorts (mirroring the cohorts in the carcinogenicity studies) and evaluate the impact of potential variability in their underlying biochemical and cellular pathways.  A database of the simulation results was compiled allowing visualization of the dose response and kinetics changes in parameters such as glutathione, protein adducts, mitochondrial inhibition, and cell death.
	 Assess the potential impact of population variability in baseline GSH levels, drug metabolism, pharmacokinetics, and antioxidant clearance capacity and the implications for its carcinogenicity potential in patient populations.
	 Estimate the exposures to acetaminophen and its metabolites in the animal carcinogenicity studies, where the exposures were not measured, and compare them to exposures in humans at therapeutic and supratherapeutic chronic exposures and also following acute overdose 
	 Simulate conditions of overdose hepatotoxicity and evaluate the implications for acetaminophen becoming a hazard for carcinogenicity
	Taken together, the modeling and simulations results, consistent with extensive mechanistic experimental data, support that at therapeutic exposures, cellular glutathione deactivates the NAPQI metabolite and there is sufficient buffering capacity to prevent any meaningful protein adduct formation or oxidative stress.  As exposures increase to overdose conditions, cell death occurs before any adverse conditions occur (e.g. oxidative stress or DNA damage) that could result in carcinogenicity.  Simulations on the exposures in the animal carcinogenicity studies and in humans support that the animal carcinogenicity studies adequately evaluated the range of exposure conditions in humans. The modeling and simulation results also support that acetaminophen is not a carcinogenicity hazard to human health under any conditions, including at therapeutic and supratherapeutic doses and an acute overdose.  
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	2 Introduction and Background
	Acetaminophen has a long history of safe use in humans at therapeutic doses but causes liver injury in animals and humans at very high doses.  As part of a broader science and weight-of-evidence assessment of the carcinogenicity hazard potential of acetaminophen, we utilized a well-established Quantitative Systems Toxicology (QST) platform (DILIsym) to address key aspects of this question. The model was developed and validated using experimental and clinical data on acetaminophen pharmacokinetics, metabolism, disposition and hepatotoxicity, and  on overdose. It can be used to evaluate the effect of drug exposure and metabolism on cell death via a mathematical construct composed of ordinary differential equations.  The unifying theme of this analysis was a focus on the mode of action pathway by which acetaminophen causes liver toxicity at high doses (i.e. overdose).  
	The initial development of DILIsym was directly encouraged and financially supported by the United States Food and Drug Administration (FDA) through a Cooperative Research and Development Agreement, or CRADA (“Development of Drug-Induced Liver Injury (DILI) PhysioLab Platform” sponsored by Dr. Mark Avigan and Dr. John Senior).  The various groups involved in the development of the platform, including FDA, agreed from the outset that acetaminophen was a prototypical compound due to its history of causing drug-induced liver injury in people under overdose conditions.  Thus, DILIsym was initially focused on simulating the events associated with acetaminophen liver toxicity.  Most importantly, DILIsym has been used to address key questions associated with acetaminophen toxicity, and these results have been published (1–3). An overview of the model and the experimental data that were used to develop the model are described below.
	3 General Overview of Mechanisms of Drug Induced Liver Injury (DILI) in DILIsym Software
	The DILIsym software platform has been developed by DILIsym Services Inc., a Simulations Plus Company, over the last 10 years for the process of predicting and understanding drug-induced liver injury (DILI) in humans and animals (rats, mice, dogs).  The QST platform has been heavily peer reviewed, both in terms of the methods and data associated with its development, and applications or case studies of software use (1–23).  DILIsym includes three primary mechanisms that can combine with the characteristics of a given compound and/or metabolite to cause DILI.  Bile acid toxicity, mitochondrial toxicity, and oxidative stress are the three mechanisms included in DILIsym, and they can combine in multiple ways to disrupt normal hepatocellular function and elicit hepatocellular apoptosis and/or necrosis.  A summary diagram of DILIsym version 8A is below in Figure 1.
	Figure 1– Summary Diagram of DILIsym Software Version 8A
	/
	The DILIsym software represents bile acid enterohepatic circulation via bile acid transporters.  More specifically, hepatocyte uptake of bile acids from blood occurs by NTCPmediated transport.  Bile acid efflux occurs via BSEP canalicular transport and multidrug resistance-associated proteins 3 and 4 (MRP3 and MRP4) basolateral transport.  Drug-mediated inhibition of BSEP, MRP3, and/or MRP4 would be expected to result in hepatocellular bile acid accumulation, culminating in bile acid-mediated toxicity, while drug-mediated inhibition of NTCP could mitigate this effect.  Drug-mediated inhibition of transporters can be assessed in laboratory experiments using isolated hepatocytes or membrane vesicles expressing the transporter of interest.  Importantly, the hepatotoxic potential of transporter inhibition can be influenced by type of inhibition (e.g., competitive vs. noncompetitive) as well as potency of inhibition (6).  This can influence the selected in vitro experiments, as inhibition type can be determined from experimental Ki, but not IC50, data.
	DILIsym represents mitochondrial bioenergetics leading to adenosine triphosphate (ATP) production in hepatocytes.  Mitochondrial function in other liver cell populations (e.g., Kupffer cells) is not represented.  Compounds may induce mitochondrial dysfunction by inhibiting the electron transport chain (ETC), by inhibiting the mitochondrial F1FO ATPase, or by uncoupling mitochondrial respiration from mitochondrial ATP synthesis.  Compound effects on hepatocyte mitochondrial function can be assessed in laboratory experiments by measuring hepatocyte respiration following culture with compound in a Seahorse XF Analyzer (Agilent Technologies, CA).  
	DILIsym represents the generation of oxidative stress or reactive oxygen species (ROS) in response to compound exposure.  ROS accumulation can ultimately reduce mitochondrial ATP synthesis, leading to hepatocyte death, as well as directly lead to caspase activation and apoptosis.  There are several experimental methods that can be used to measure compoundinduced oxidative stress, including assays for lipid peroxidation, e.g., thiobarbituric acid reactive substances (TBARS) assay, indirect measurement of superoxide, e.g., dihydroethidium (DHE) fluorescence assay, and indirect measures of multiple ROS, e.g., 2’,7’ –dichlorofluorescin diacetate (DCFDA) fluorescence assay; hydroxyphenyl fluorescein (HPF) fluorescence assay. 
	DILIsym represents the generation of reactive metabolites from parent compounds or stable metabolites.  Once generated, the reactive metabolite within DILIsym can 1) be cleared by irreversible conjugation with GSH, 2) be cleared through binding to other proteins within the hepatocyte (a general protein adduction pathway not specific to any particular proteins), or be deactivated through a generic deactivation pathway which would represent an alternative clearance mechanism.  Within this framework, excessive generation of the reactive metabolite can lead to depletion of GSH in the liver.  Once GSH is depleted, the free reactive metabolite concentration increases.  If the reactive metabolite is assumed to cause ROS (and parameterized as such in DILIsym), such as has been assumed for the reactive metabolite of acetaminophen, the increase in free concentration leads to excess ROS that reduces ATP as described in the preceding paragraph (1,2,24).
	Toxicity in hepatocytes could be driven by drug concentrations at different biophases (e.g., total concentration, unbound cytosolic concentration, mitochondrial concentration) depending on participating mechanisms, but currently there is no consensus on which biophase concentration drives each mechanism.  In DILIsym, bile acid transporter inhibition, mitochondrial dysfunction, and ROS generation are based on the total intracellular concentration of the drug and its metabolites in the liver.  For mitochondrial dysfunction and ROS generation mechanisms which are assessed in whole cell-based assay systems, intracellular drug binding does not affect toxicity parameters and DILIsym predictions because total intracellular drug concentrations experimentally measured in in vitro assays are used to calculate DILIsym toxicity parameters.  Assuming intracellular binding and distribution of drugs in in vitro cells resemble those quantities in vivo, parameters that define quantitative relationships between total intracellular drug concentrations and toxicity outcomes in vitro can be used for in vivo predictions.  
	For bile acid transporter inhibition which is measured in isolated systems such as membrane vesicles, one might postulate that unbound cytosolic drug concentrations represent a better biophase to be employed for prediction of in vivo hepatotoxicity.  However, it is the experience of the DILIsym team that using total concentration (protein bound and unbound) leads to more accurate predictions than using free concentrations for over 40 bile acid transporter inhibitors tested in DILIsym. There exist several possible explanations as to why the use of total drug concentrations outperforms the use of unbound concentrations.  First, although vesicular transporter inhibition assay systems do not contain proteins, drugs may bind to vesicles and lipid membranes, which are not considered when estimating inhibition constants.  Also, bile acids themselves are known to be highly bound to intracellular proteins and lipids.  Thus, intracellular binding of both bile acids and drugs need to be considered when making predictions, but our current understanding about the complex drug-bile acid-transporter interaction in the intracellular environment is limited.  
	While the DILIsym team continues to investigate these complex interactions to improve the mechanistic representation of bile acid transporter inhibition within DILIsym and in vitro to in vivo translation of transporter inhibition constants, the current version of DILIsym employs the total intracellular drug concentrations, which have accurately predicted clinical hepatotoxicity of over 40 exemplar compounds tested in DILIsym that exhibit transporter inhibition.      
	DILIsym represents synthesis and clearance of bilirubin via bilirubin enzymes and transporters.  More specifically, OATP1B1/1B3 facilitates hepatic uptake of unconjugated bilirubin and hepatic reuptake of conjugated bilirubin; UGT1A1 mediates the conversion of unconjugated bilirubin, and MRP2 and MRP3 transport conjugated bilirubin into the bile and sinusoidal blood, respectively (23).  Each of the enzyme- or transporter-mediated processes can be competitively inhibited by drugs or metabolites which may result in hyperbilirubinemia, even in the absence of overt liver injury.  
	4 Validation of the DILIsym Acetaminophen Simulations
	The DILIsym acetaminophen model validation data sets are contained in peer reviewed publications and their large supplemental data sets, including extensive comparisons of the simulation results to experimental data in the following areas (1–3):
	1. Acetaminophen ADME and pharmacokinetics in humans, mice, and rats across a wide range of doses covering therapeutic, supratherapeutic, and overdose scenarios;
	2. Kinetic and dose response information for GSH depletion, ROS generation, mitochondrial dysfunction (ATP production and concentration decreases) and protein adduct formation across doses in mice and rats;
	3. Kinetic and dose response information for liver ATP depletion, hepatocyte death and regeneration, and associated clinical biomarkers (e.g. aminotransferases, bilirubin) across doses in humans, rats, and mice.
	A summary of the experimental parameters that have been used to develop and validate the DILIsym simulations along with links to the corresponding figures in this document provided in Table 1. 
	Table 1- Summary of the experimental parameters that have been used to develop and validate the DILIsym simulations.
	The human acetaminophen model in DILIsym was constructed and validated using both clinical and preclinical data. The model represents the three metabolic pathways of acetaminophen as well as the GSH conjugation and protein adduct formation of the reactive metabolite, NAPQI. The production and clearance of acetaminophen-mediated reactive oxygen species (ROS) and associated mitochondrial dysfunction (ATP production inhibition) effects are also calibrated and validated in the model. The ROS and ATP inhibition mechanisms are in turn linked to processes that determine the fate (necrosis, apoptosis) of hepatocytes and a cascade of downstream effects including immune responses. The acetaminophen model was established as an integral part of the DILIsym software and, as noted above, has been extensively peer reviewed (1–3).  
	4.1 Human validation of the physiologically-based pharmacokinetic model of acetaminophen and metabolites

	Highlights of pharmacokinetic, mechanistic, and clinical biomarker experimental data that were used to validate the DILIsym physiologically-based pharmacokinetic model of acetaminophen and metabolites (PBPK)are provided in the sections that follow.  For the full spectrum of this validation, please see the acetaminophen related references (1–3), with special emphasis on their supplements.  The most critical validation of the human DILIsym PBPK model for acetaminophen is urinary excretion data for the three primary metabolic pathways (25) compared to simulation results, as shown below in Figure 2.  
	Figure 2 - Selected pharmacokinetic data used to optimize the acetaminophen metabolism sub-model for humans, shown with the corresponding simulation results produced with the DILIsym model. (A) Measured cumulative acetaminophen-sulfate conjugates excreted in urine over 24 hours (/), simulated cumulative acetaminophen-sulfate conjugates excreted in urine over 24 hours (/), measured cumulative acetaminophen-glucuronide conjugates excreted in urine over 24 hours (/), and simulated cumulative acetaminophen-glucuronide conjugates excreted in urine over 24 hours (/) for humans at various oral doses of acetaminophen (25). (B) Measured cumulative NAPQI conjugates excreted in urine over 24 hours (/) and simulated cumulative NAPQI pathway conjugates excreted in urine over 24 hours (/) for humans at various oral doses of acetaminophen (25).
	/
	The critical aspect of Figure 2 is the dose response.  The data and the simulation results cover a full range of acetaminophen doses, from subtherapeutic doses through large overdoses. This shows that DILIsym accurately predicts the metabolism elimination pathways for acetaminophen across a wide dosing range.  The metabolism component of the PBPK model is the most important aspect for acetaminophen due to the NAPQI metabolite being the primary driver of toxicity at exposures that deplete glutathione. In addition to metabolism, the human acetaminophen PBPK model has also been extensively validated with plasma data (26–29), a sampling of which is shown below in Figure 3.
	Figure 3 - Select human acetaminophen PK data (black circles) from a variety of studies (26–28) and dosing routes compared to DILIsym simulation results (lines); figure continued on next page
	///
	Figure 3 continued (29)
	/
	4.2 Human validation of biomarkers and mechanistic endpoints of toxicity 

	Singer 1995 (30) measured AST over time for a large number of acetaminophen overdose patients taking an average of about 30 g of acetaminophen, although doses varied.  DILIsym simulations for the average human compare well with the data, as shown in Figure 4.
	Figure 4 - AST Measures Over Time for acetaminophen Overdose Patients by Singer 1995 (30)
	/
	Watkins 2008 (31) measured hepatic alanine aminotransferase (ALT) in healthy subjects taking therapeutic doses of acetaminophen.  DILIsym predicts these very minor but present ALT elevations even at low doses, showing that DILIsym correctly represents the full acetaminophen dose response (Figure 5).
	Similarly, Temple 2007 (29,32) measured ALT in subjects taking therapeutic (4 g/day) and supratherapeutic (6 g/day and 8 g/day) doses of acetaminophen (Figure 5). In this study, urinary recovery of total thiols, which are the metabolites of NAPQI-GSH conjugation, were also quantified (29).  To recapitulate the acetaminophen metabolism involved in formation of the NAPQI reactive metabolite in these subjects, DILIsym simulations were performed in three sets (i.e., trials) of twelve simulated individuals matching urinary recovery of thiols in each study group. DILIsym predicted no ALT elevations above the upper limit of normal for 4 g/day for all three trials, consistent with clinical data.  At the acetaminophen dose of 6 g/day, no ALT elevations above the upper limit of normal were predicted in simulations of one set of 12 individuals, whereas mild ALT elevations were predicted in simulations of two sets of 12 individuals with low frequency. Overall, DILIsym simulation results are generally in agreement with clinical data (32), which showed hepatic safety for acetaminophen at the dose of 6 g/day.  At the acetaminophen dose of 8 g/day, no ALT elevations above the upper limit of normal were predicted in simulations of two sets of 12 individuals, consistent with the clinical data.  DILIsym simulations predicted an ALT elevation above 3X upper limit of normal in one set of 12 individuals, but the frequency was low (1 out of 12 individuals).  Overall, DILIsym simulations recapitulate the hepatic safety of acetaminophen at the acetaminophen dose of 8 g/day (Figure 5). 
	Figure 5 - Low Dose acetaminophen Clinical Studies evaluating the plasma ALT elevations in a sensitive population at therapeutic doses (31) and in populations matching urinary recovery of thiols at therapeutic and supratherapeutic doses (29,32); figure continued on next two pages
	/
	Figure 5 continued (29,32)
	/
	Figure 5 continued (29,32)
	/
	Dixon 1992 (33) assessed AST and bilirubin for a number of acetaminophen overdose patients with MRI.  The trends in those markers match up very well with the red simulated results.  Even more intriguing and important, Dixon 1992 also measured liver ATP changes via MRI.  The DILIsym predictions for ATP match up reasonably well (Figure 6), even though this was a blind prediction after DILIsym was fully developed and calibrated.  The ATP data provide strong mechanistic validation for the DILIsym predictions of liver mitochondrial function and dysfunction as dose increases.
	Figure 6 - Comparison of DILIsym predications compared to data for mitochondrial dysfunction as measure by ATP changes in Human Livers via MRI As reported by Dixon 1992 (33)
	/
	A critical aspect of acetaminophen injury is the subsequent repair that takes place.  The human liver regenerates after this type of acute injury to pre-injury or near pre-injury levels over 3-12 months, with much of the regeneration taking place in the nearer term.  A comparison (Figure 7) of the DILIsym liver regeneration rates after various doses of acetaminophen and various data sets, including the Portmann 1975 acetaminophen study (34) and many other liver surgery studies (35–39), shows very clearly that DILIsym is accurate and validated for predicting liver recovery from acetaminophen injury, as well as from acute liver injury in general.
	Figure 7 - Simulated Liver Recovery Compared to Measured Liver Recovery After Liver Surgery or Acute acetaminophen Injury compared to experimental data (34–39).
	/
	The data sets above represent a subset of the clinical validation data available for the acetaminophen representation in DILIsym.  The data shown above demonstrate that the platform is sufficiently validated and able to support simulations of acetaminophen exposure-response for cellular effects and liver injury process in humans.
	4.3 Rodent validation of the physiologically-based pharmacokinetic model of acetaminophen and metabolites at various doses

	Figure 8 shows published simulations and experimental results for rats and mice dosed with acetaminophen.  The two figure panels show that DILIsym accurately captures the pharmacokinetics of acetaminophen as well as the production and clearance of its metabolites.  Rats and mice have different metabolic profiles for acetaminophen, and DILIsym simulates these differences correctly.
	Figure 8: Selected pharmacokinetic data used to optimize the APAP metabolism sub-model for rodents (mice and rats), shown with the corresponding simulation results produced with the DILIsym model (1).
	A) Plasma APAP concentration data (/), simulated plasma APAP concentration (/), plasma APAP-sulfate concentration data (/), simulated plasma APAP-sulfate concentration (/), plasma APAP-glucuronide concentration data (/), simulated plasma APAP-glucuronide concentration (/) for C57Bl/6 mice dosed via oral gavage with 300 mg/kg APAP. Mean and SD shown (1) .
	B) Plasma APAP concentration data (/), simulated plasma APAP concentration (/), plasma APAP-sulfate concentration data (/), simulated plasma APAP-sulfate concentration (/), plasma APAP-glucuronide concentration data (/), simulated plasma APAP-glucuronide concentration (/) for Sprague-Dawley rats dosed intravenously with 300 mg/kg APAP (40).
	/
	To illustrate DILIsym’s ability to recapitulate pharmacokinetics for a range of doses of acetaminophen in rodents, Figure 9Figure 9 shows simulations versus rata data for plasma acetaminophen across a wide dosing range (41).
	Figure 9: Simulated and measured APAP plasma levels in rats in doses ranging from 37.5 mg/kg to 600 mg/kg.  Data from Hjelle 1984 (41) and simulations from DILIsym.
	/
	4.4 Rodent validation of biomarkers and mechanistic endpoints of toxicity 

	DILIsym has been extensively validated with respect to prediction of mechanistic and outcomes-related endpoints in rodents.  Figure 10 shows good agreement between simulated and measured (42–49) GSH depletion in mice given 300 mg/kg of acetaminophen.  The dynamic response, including GSH repletion, is well-captured within DILIsym.
	Figure 10: GSH depletion and repletion in mice given 300 mg/kg predicted by DILIsym (red line) and measured in mice (symbols) (42–49).
	/
	GSH depletion in rats, along with rapid repletion upon dosing of N-acetylcysteine (NAC), is shown in Figure 11(50).  DILIsym correctly simulates both the control (APAP) and treated (APAP + NAC) cases.
	Figure 11: GSH depletion and repletion through treatment with NAC in rats as a function of time, both simulated (red lines) and measured (50).
	/
	In addition to predicting GSH dynamics in rodents, DILIsym was also designed to simulate  protein adducts produced in the liver when acetaminophen is administered to rodents at high doses.  Figure 12 to Figure 14 for rats (51), mice (46), and mice (48) show liver protein adducts (Figure 12), liver GSH (Figure 13) and protein adducts (Figure 14), and liver protein adducts + plasma protein adducts + liver GSH, respectively.  In all cases, the simulations (red lines) line up reasonably well with the measured data.  
	Figure 12: Liver protein adduct levels in rat livers versus time after APAP dosing from DILIsym (red line) and measured (51).
	/
	Figure 13: Liver GSH and protein adducts from Vaquero 2007 (mouse) (46) and simulated (red lines).
	/
	Figure 14: Liver protein adducts + plasma protein adducts + liver GSH from Muldrew 2002 (mouse) (48) and simulated (red lines).
	/
	A critical part of the acetaminophen liver toxicity pathway involves mitochondrial function impairment.  DILIsym is capable of simulating the kinetic changes in liver ATP as the acetaminophen dose increases in both mice and rats.  This change in ATP occurs due to an inhibition of ATP production in the liver.  Figure 15 and Figure 16 show that DILIsym represents the drop in liver ATP with increasing acetaminophen dose reasonably well in rodents.
	Figure 15: Liver ATP versus time in mice from a number of studies (52–55) and simulated (red lines) by DILIsym across a dose range of 100 mg/kg to 600 mg/kg. 
	/
	Figure 16: Liver ATP versus time in rats from a number of studies (56–59) and simulated (red lines) by DILIsym across a dose range of 800 mg/kg to 1500 mg/kg.
	/
	The ultimate outcome of the reactive metabolite production from acetaminophen, the drop in GSH, and the impairment of ATP production is cell death.  This leads to liver enzyme spillage.  Figure 17 and Figure 18 below show ALT versus APAP dose in mice and rats from DILIsym and a large number of preclinical studies.  While the data is extremely variable across different studies, DILIsym does a reasonable job of recapitulating the dose response.  The mouse and rat SimPops with variability within DILIsym have simulated animals with variability in sensitivity as well.
	Figure 17: ALT versus APAP dose from various mouse studies (45,60–76) and DILIsym (red lines).
	/
	Figure 18: ALT versus APAP dose from various rat studies (57,77–87) and DILIsym (red lines).
	/
	With an emphasis on clinical acetaminophen within this work, not all rodent validation data is included.  However, there is a large battery of very mechanistic and preclinical biomarker data supporting the DILIsym representations for mice and rats available in the primary and supplemental text of the following publications: (1–3). Readers are highly encouraged to review the referenced DILIsym acetaminophen publications to see the full scope of the validation of DILIsym for representing acetaminophen accurately across species.  
	5 Simulation of the Acetaminophen Liver Toxicity Pathway Shows that its Mode of Action Precludes it from Being a Carcinogenic Hazard
	For this analysis of acetaminophen, thousands of unique human scenarios were simulated that were comprised of a) unique simulated individuals with variability in underlying biochemical and functional pathways including phenotypic variation in metabolism (DILIsym SimPops “Human_APAP_ROS_apop_mito_v3B_2” comprised of 300 simulated humans) and b) different dosing schemes including low, medium, and high doses.  A database of simulation results from this series of simulations was compiled, allowing us to visualize the steps involved in the acetaminophen hepatotoxicity pathway and how those steps relate to the key characteristics that have been attributed to increased risk for carcinogenicity, including reactive molecules and ROS.  The simulated results were compared to animal and human data where available.  
	5.1 Sequence of Events in Acetaminophen MOA Pathway

	The sequence of events occurring along the acetaminophen toxicity pathway can be viewed as a time-course at a given dose level or based on the dose/exposure-response.  Starting with the kinetic perspective, the top half of Figure 19 shows that at therapeutic doses GSH levels are slightly reduced but there is sufficient capacity to bind up all of the NAPQI.  The bottom half of Figure 19 shows how following a 20 g overdose of acetaminophen per day for 1 week, GSH is depleted within a day, and then ROS, NAPQI-protein adducts, and mitochondrial impairment increase in parallel. 
	Figure 19: Kinetic view of acetaminophen Effects in Liver Under Therapeutic and Overdose Conditions (Subject 298 from the SimPops of 300)
	/
	*See Table 1 for validation summary of each of these endpoints with DILIsym 
	Cell death occurs shortly after these events, as there is a slight delay for cells to die once ATP production is reduced.  This simulated sequence shows that acetaminophen liver toxicity is binary from a kinetic standpoint – once GSH is depleted and the effective buffer for NAPQI conjugation is gone, mitochondrial dysfunction drives oxidative stress and cell death, and subsequent repair through regeneration of hepatocytes occurs. The kinetics of acetaminophen injury in the liver have been studied in animals (48) (Figure 20), and the results support the simulated depiction of the event in humans in Figure 19 as reasonable. 
	Figure 20: Mice treated with acetaminophen at a hepatotoxic dose of 300 mg/kg i.p. (n = 5) and were sacrificed at designated times. Samples of liver were analyzed for acetaminophen-CYS and GSH and the time course for APAP-CYS increase matches the time course for the decrease in liver GSH (Muldrew 2002 (48))
	/
	The reduction in liver GSH within the mouse study is very much coincident with the increase in covalent binding, which is in good agreement with the simulated overdose case of 20 g per day in Figure 19.
	The sequence of events within the acetaminophen MOA for toxicity can also be viewed through from an exposure-response perspective, as shown in Figure 21.  The figure highlights the events in the centrilobular region of the liver specifically, which should be noted since that zone is the most sensitive to acetaminophen toxicity.  In the small centrilobular region of the liver that is most sensitive to acetaminophen due to the presence of more CYP450 metabolizing enzymes in that zone, single doses up to about 10 g of acetaminophen produce minimal ROS and still leave adequate GSH buffer.  Beyond 10 g, ROS and mitochondrial function impairment increase concurrently, with cell death again becoming evident through increased ALT with a slight delay.  Last in the sequence of events is an increase in hepatocellular proliferation that provides repair of the damaged areas of the liver, assuming the dose is low enough for the liver damage to be less than a critical level, in which case the patient will survive and make a full recovery.  
	Figure 21: Acetaminophen Dose Escalation Simulations for Centrilobular Region of Liver
	/
	*See Table 1 for validation summary of each of these endpoints with DILIsym 
	The sequence can also be visualized across the entire liver in an exposure-response manner, with more endpoints as well (Figure 22).  The normalized figure shows the sequence of events from an average liver standpoint, as opposed to a specific region or zone of the liver: acetaminophen exposure at clinically relevant doses causes minimal GSH depletion, minimal cell death, and minimal mitochondrial injury and ROS; acetaminophen exposure beyond this level (around approximately 10 g for the single dose case) leads to substantial GSH depletion, increases in NAPQI available to bind to various cellular targets, coincident mitochondrial function impairment and ROS, increases in NAPQI-protein adducts, cell death and associated biomarkers, and lastly, injury repair via hepatocellular regeneration. 
	Figure 22: Dose Escalation Simulations for the whole liver show that acetaminophen exposure at clinically relevant doses causes minimal GSH depletion, minimal cell death, and minimal mitochondrial injury and ROS. As acetaminophen exposure reach approximately 10 g for the single dose case, there is substantial GSH depletion, increases in NAPQI protein adducts, impaired mitochondrial function resulting in Reactive Oxygen Species (ROS) and cell death. Lastly, liver injury is repaired via hepatocellular regeneration. Since no DNA adducts have been structurally identified in vivo they are not considered in the modeling.
	/
	*See Table 1for validation summary of each of these endpoints with DILIsym 
	Beyond the extensive prior validation of the DILIsym software for representing and depicting the MOA, experimental evidence also exists (88) to support these simulated depictions of the acetaminophen MOA from an exposure-response standpoint.  For example, Figure 23shows liver GSH and covalent binding as the acetaminophen dose increases in hamsters.  NAPQI covalent binding increases sharply as GSH falls, in full qualitative agreement with the trends shown in Figure 21 and Figure 22.  
	Figure 23: Comparison of covalent binding of 3 H-acetaminophen in vivo to hamster hepatic protein (■) and hepatic glutathione depletion in hamster (o) 3 h after the intraperitoneal administration of varying doses of 3 H-acetaminophen. Each point represents the mean ± standard error of determinations in at least three hamsters. (Potter 1974 (88))
	/
	5.2 Lack of Key Characteristics of Carcinogenicity in Humans in the Absence of Toxicity

	The 4 g per day time-course plot from Figure 19 shows that excess GSH buffer capacity leads to no ROS or mitochondrial function impairment in an average patient, as well as an absence of cell death.  However, at the 20 g per day dosing level (bottom of Figure 19), the GSH buffer is wiped out and the sequence of events leading to toxicity occur.  The two figures effectively illustrate a critical aspect of acetaminophen toxicity that precludes it from being carcinogenic: either excess buffer capacity through GSH and cytosolic proteins prevents any ROS or injury by de-activating the reactive NAPQI, or hepatocyte death occurs in the event of complete depletion of GSH.  At no time in this sequence of events do material amounts of ROS get produced unless those cells die, and at no point does any nuclear DNA damage occur unless again, those cells die.  Therefore, the reactive metabolites and ROS produced during this sequence, in the event of toxicity, do not fall under the heading of key characteristics of carcinogens, since they only appear coincident with cell death. 
	The centrilobular liver region dose response simulation (Figure 21) also shows that the events associated with acetaminophen toxicity either do not occur due to the GSH buffer (therapeutic and supratherapeutic doses) or occur as a collective set of events associated with liver injury and cell death.  This narrow window between GSH being depleted and liver cell death is strong evidence for the lack of a dosing level where key characteristics of carcinogenicity occur for acetaminophen but without those same cells dying and then regenerating as healthy cells.  Figure 22 provides further confirmation, where plasma acetaminophen values in the therapeutic range lead to minimal toxicity or stress.  Furthermore, Figure 22 highlights that cell death starts right as the average liver GSH is depleted to 30% or less, exactly coincident with ROS increases, protein adduction, and mitochondrial dysfunction occurs.  
	In summary, acetaminophen is somewhat unique in that its MOA for toxicity leads to a very binary response: safe use at clinically relevant levels or liver injury at higher doses.  
	5.3 Population variability in GSH, Acetaminophen PK, and ROS Clearance

	The simulated kinetics and dose-response of acetaminophen exposure in the average individual shown above clearly shows adequate buffer and protection from any ROS or un-mitigated reactive species at clinically relevant acetaminophen doses, with a narrow range for the conversion from this regime to a regime where ROS is generated, but is generated concurrent with mitochondrial toxicity and cell death that is marked by GSH depletion.  However, it is important to understand whether or not this picture changes with population variability.  The DILIsym acetaminophen SimPops contains variability in baseline liver GSH concentrations, GSH synthesis capability, ROS clearance, acetaminophen ADME processes (PK), body mass, and sensitivity for mitochondrial function impairment (Human_APAP_ROS_apop_mito_v3B_2 SimPops).  The ranges for variability were taken from literature and are documented within the DILIsym software.  
	A myriad of acetaminophen dosing protocols was simulated in the SimPops containing 300 simulated humans.  Figure 24 shows the population picture from a kinetic viewpoint at 4 g of acetaminophen per day and 12 g of acetaminophen per day over 1 week.  The 4 g time-course shows adequate GSH buffer across the full population, with minimal effects on mitochondrial function and minimal hepatocyte death.  Clearly, the actual clinical use case of acetaminophen does not subject patients to stress in their livers that would have any relevance for carcinogenicity, even when considering a wide range of patient types.  On the other hand, the 12 g per day time-course in Figure 24 shows GSH depletion occurring in some members of the SimPops, which then leads to mitochondrial impairment and cell loss (slightly delayed since ATP levels have to drop over a period of time, which then causes cell death).  The population-level  Figure 24 outlines the close connection between GSH depletion, mitochondrial dysfunction, and cell death, and again highlights the key point: Acetaminophen exposure only results in significant oxidative stress or DNA effects under conditions that cause cell death.  Simulations support this observation across a wide range of patient types and backgrounds.
	Figure 24: Kinetic Liver Effects of acetaminophen Simulated in Human SimPops of 300 Individuals at 2 Doses
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	In addition, Figure 25 shows the full population response as a single dose of acetaminophen is escalated.  The GSH buffer covers the clinical use case window, while mitochondrial impairment, protein adduction, and cell death all occur as patients get to significantly depleted GSH levels in their livers.  
	Figure 25: Normalized Range from SimPops of GSH, Mitochondrial Impairment, NAPQI-Protein Adduction, and Cell Death for a Single Dose of acetaminophen Across a Range of Doses
	/
	Experimental support for the population level dose response shown in Figure 25 can be found in Davis 1976 (89), as shown below.  The study showed that minimal damage to the liver occurred below 10 g of acetaminophen, which is approximately where complete GSH depletion occurs for the most sensitive subject in the simulations.  The study also supports the notion that moderate cell death occurs between 10 and 20 g of acetaminophen (range of 0% cell loss to severe cell loss in Figure 25), with the injury becoming more severe beyond 20 g for most people (most of shaded region in Figure 25  has significant cell loss beyond 20 g of acetaminophen). 
	Table 2: Davis 1976 (89) Study of Human Overdose Cases Showing a Clear Pattern of Liver Damage Starting at About 10 g of acetaminophen and Becoming More Severe Beyond 20 g
	/
	Taken together, Figure 24 and Figure 25 show that across a wide array of patient backgrounds, clinically relevant exposures of acetaminophen do not lead to meaningful cellular stress that would have any impact on carcinogenicity, and that when cellular stress does occur, the levy is breached and cell death also occurs.  Where this window of toxicity occurs will vary by patient, but within each patient being considered, the concept of the built-in defense mechanism for acetaminophen holds true.
	6 Simulations of Exposures in the Animal Carcinogenicity Studies Compared to Humans Demonstrate Exposure Coverage
	6.1 Methods for Exposure and Toxicity Simulations

	DILIsym version v8A Patch 1 was used for all simulations described in this document.  Physiologically-based pharmacokinetic (PBPK) modeling and hepatotoxicity parameters for acetaminophen in humans, rats, and mice were previously developed and represented within DILIsym (1–3).  SimPops are collections of simulated individuals with parameter variability designed to reflect appropriate biochemical and anthropometric ranges.  Parameters are selected based on their known or hypothesized biological importance or based on the systematic identification of parameters that critically affect portions of the modeled biochemistry.  For human simulations in this work, a previously constructed human SimPops that include variability and acetaminophen exposure and hepatotoxicity parameters (Human_APAP_ROS_apop_mito_v3B_2, n=300) was employed. To assess the coverage of human acetaminophen exposure in animal carcinogenicity studies, four human acetaminophen dosing protocols were simulated (Table 1);
	 Therapeutic
	o PO 3 g/day TID for 7 days
	o PO 4 g/day QID for 7 days
	 Supratherapeutic
	o PO 8 g/day QID for 7 days
	 Acute overdose
	o A single oral dose of 30 g
	For rat and mouse simulations in this work, 15 rats and 15 mice with varying sensitivity to acetaminophen-mediated hepatotoxicity were selected from existing rat and mice SimPops (Rat_ROS_apop_mito_v3B_5 and Mouse_ROS_apop_mito_v3B_4), respectively.  Because these rat and mice SimPops did not represent variability in acetaminophen exposure, PK variability was simulated by increasing (High PK) or decreasing (Low PK) acetaminophen dose by 10% in addition to the original dose (Medium PK).  As a result, each rat and mouse carcinogenicity protocol was simulated in 45 animals with varying acetaminophen exposure and hepatotoxicity parameters.  Simulated carcinogenicity protocols are listed in Table 4and Table 5.  Acetaminophen hepatotoxicity parameters for rat and mouse were calibrated using mortality data from reported carcinogenicity studies (90) because initial simulations with default parameters predicted significant hepatotoxicity and overpredicted mortality.  This is reasonable, since sensitivity to acetaminophen varies greatly by lab, strain, and dosing route within the literature.
	6.2 Analysis of Predicted Acetaminophen Exposure in Carcinogenicity Studies

	Simulated pharmacokinetic endpoints for human protocols and rodent carcinogenicity protocols are presented in Table 3 and Table 4, respectively.  Specifically, the AUC0-24hr were calculated for acetaminophen, acetaminophen-glucuronide, and acetaminophen-sulfate from simulated plasma concentration-time curves of each chemical entity.  AUC, not Cmax, was selected for comparison of PK exposure in humans vs. animals because AUC is less impacted by different patterns of acetaminophen administration; humans were administered acute oral doses whereas animals had continuous acetaminophen ingestion via food consumption.  Because NAPQI is an unstable reactive metabolite, the total amount of NAPQI formed during 24 hr, not hepatic concentration, was calculated and used for comparison. 
	Table 3: Simulated pharmacokinetic parameters of acetaminophen at different human dosing scenarios. For comparison, *For comparison measured AUC measured in humans at therapeutic doses 221 ± 54 µg*hr/mL (McNeil 2002 – FDA Briefing Book)
	Dosing Scenario
	Sex
	Daily Dose
	Duration of Exposure
	Pharmacokinetic Endpoints
	APAP AUC0-24hr (µg*hr/mL)
	APAP-Glucuronide AUC0-24hr (µg*hr/mL)
	APAP -SulfateAUC0-24hr (µg*hr/mL)
	NAPQI formation (µmol/kg body weight/24 hr)
	Therapeutic
	M/F
	3 g/day
	1 week
	152.4 ± 36.0
	345.4 ± 83.3
	103.1 ± 15.3
	39.7 ± 12.7
	4 g/day
	1 week
	203.0 ± 48.8*
	447.0 ± 108.3
	124.1 ± 16.6
	53.2 ± 17.0
	Supratherapeutic
	M/F
	8 g/day
	1 week
	468.2 ± 118.3
	906.2 ± 217.9
	181.7 ± 17.5
	121.3 ± 38.3
	Acute overdose
	M/F
	Single dose 30 g
	Single dose
	3944.5 ± 1051.6
	3352.0 ± 808.4
	269.7 ± 10.5
	840.6 ± 232.9
	Simulated hepatotoxicity endpoints for each carcinogenicity protocol in rat and mouse are presented in Table 4 and in Figure 26 and Figure 27.  Specifically, the minimum fraction viable hepatocytes, peak ALT (i.e., a biomarker of liver injury), and mortality due to hepatotoxicity were analyzed to assess potential hepatotoxicity for each carcinogenicity protocol.
	The exposure analysis and simulations support the following conclusions:
	 Acetaminophen dose levels for human therapeutic, supratherapeutic, and overdose scenarios were covered by rodent carcinogenicity studies.
	 Acetaminophen exposure in human therapeutic and supratherapeutic doses, but not acute overdose, were covered by rat carcinogenicity studies.  
	 Acetaminophen and NAPQI exposure in human therapeutic, supratherapeutic, and overdose scenarios were covered by mouse carcinogenicity studies.  
	 Acetaminophen-induced hepatotoxicity is likely to have been present, although was not always reported, in most of mouse study protocols and one rat study protocol.
	Table 5 presents a comparison of acetaminophen dose, simulated AUC0-24hr of plasma acetaminophen, and simulated NAPQI formation in rodent carcinogenicity studies to those in human protocols.  The ratios of the highest rodent acetaminophen dose in each study to human maximum therapeutic (4 g/day for 7 days) and supratherapeutic (8 g/day for 7 days) doses was greater than 1.  The ratios of the highest rodent acetaminophen dose to human overdose (single dose of 30 g) was greater than 1 for all rodent carcinogenicity studies except for rat NTP study where the ratio was 0.7.  These results suggest that acetaminophen dosing levels for the human therapeutic, supratherapeutic, and overdose conditions were covered by these four rodent carcinogenicity studies collectively.  The ratios of mice acetaminophen exposure to human acetaminophen exposure were smaller than 1 for all three human dosing protocols.  
	Simulations predicted varying levels of hepatotoxicity for the mouse carcinogenicity protocol simulated.  In the NTP 1993 study, no hepatotoxicity was predicted at the lowest dose (i.e., 600 ppm), whereas up to 6% and 9% of mean hepatocyte loss due to acetaminophen hepatotoxicity were predicted for 3000 ppm and 6000 ppm doses, respectively.  The magnitude of plasma ALT elevations was not high (59.5 U/L and 142.2 U/L at 3000 ppm and 6000 ppm, respectively, compared to the baseline value of 40 U/L), indicating gradual hepatotoxicity over long-term acetaminophen ingestion (Figure 26).  No mortality was predicted for all the dose levels in the NTP 1993 study, consistent with the study report (90).   
	Table 4: Simulated pharmacokinetic and hepatotoxicity endpoints of acetaminophen in the NTP rodent carcinogenicity studies.
	Study
	Species
	Sex
	Diet Exposure (PPM)
	Reported Dose (mg/kg)
	Duration of Exposure
	Pharmacokinetic Endpoints
	Hepatotoxicity Endpoints
	Indication of Hepatotoxicity
	APAP AUC0-24hr (µg*hr/mL)
	APAP-Glucuronide AUC0-24hr (µg*hr/mL)
	APAP -SulfateAUC0-24hr (µg*hr/mL)
	NAPQI formation (µmol/kg body weight/24 hr)
	Minimum Fraction Viable Hepatocytes
	Peak ALT (U/L)*
	Mortality†
	NTP 1993
	Mouse(B6C3F1)
	F
	600
	110
	103 wks
	9.7 ± 0.9
	154.4 ± 13.4
	18.8 ± 1.6
	386.1 ± 40.0
	1.00 ± 0
	40.0 ± 0
	0/45
	No
	3000
	600
	103 wks
	65.3 ± 6.8
	977.5 ± 96.9
	94.3 ± 7.1
	1977.0 ± 194.4
	0.94 ± 0.01
	59.5 ± 13.9
	0/45
	Yes
	6000
	1200
	103 wks
	165.8 ± 20.2
	2323.3 ± 258.7
	168.6 ± 10.9
	3588.5 ± 320.4
	0.91 ± 0.01
	142.2 ± 73.6
	0/45
	Yes
	NTP 1993
	Rat(F344/N)
	F
	600
	35
	103 wks
	0.13 ± 0.01
	1.7 ± 0.2
	96.6 ± 8.0
	0.1 ± 0.02
	1.00 ± 0
	21.0 ± 0
	0/45
	No
	3000
	160
	103 wks
	5.44 ± 2.2
	26.2 ± 6.2
	423.7 ± 30.9
	2.4 ± 0.6
	1.00 ± 0
	21.0 ± 0
	0/45
	No
	6000
	320
	103 wks
	146.7 ± 36.3
	261.6 ± 52.9
	604.6 ± 12.7
	29.5 ± 6.8
	1.00 ± 0
	21.0 ± 0
	0/45
	No
	*Baseline ALT levels in DILIsym are 40 U/L and 21 U/L for mouse and rat, respectively.
	†The simulated animal “dies” when it loses > 85% of viable hepatocytes within DILIsym.
	Table 5: Comparison of acetaminophen dose, acetaminophen exposure, and NAPQI formation in rodent carcinogenicity studies vs. humans 
	Study
	Species
	Sex
	Diet Exposure (PPM)
	Reported Dose (mg/kg)
	Duration of Exposure
	Ratio of APAP dose (mg/kg) in rodents to human
	Ratio of APAP exposure (AUC0-24hr) in rodents to human
	Ratio of NAPQI formation (µmol/kg bw/24 hr) in rodents to humans
	Max
	Ther. Dose*
	Supra-ther. Dose
	Over
	dose
	Max
	Ther. Dose*
	Supra-ther. Dose
	Over
	dose
	Max
	Ther. Dose*
	Supra-ther. Dose
	Over
	dose
	NTP 1993
	Mouse(B6C3F1)
	F
	600
	110
	103 wks
	1.9
	1.0
	0.3
	0.05
	0.02
	0.002
	7.3
	3.2
	0.5
	3000
	600
	103 wks
	10.5
	5.3
	1.4
	0.3
	0.1
	0.02
	37.1
	16.3
	2.4
	6000
	1200
	103 wks
	21.0
	10.5
	2.8
	0.8
	0.4
	0.04
	67.4
	29.6
	4.3
	NTP 1993
	Rat(F344/N)
	F
	600
	35
	103 wks
	0.6
	0.3
	0.1
	0.0007
	0.0003
	0.00003
	0.003
	0.001
	0.0002
	3000
	160
	103 wks
	2.8
	1.4
	0.4
	0.03
	0.01
	0.001
	0.05
	0.02
	0.003
	6000
	320
	103 wks
	5.6
	2.8
	0.7
	0.7
	0.3
	0.04
	0.6
	0.2
	0.04
	* Maximum therapeutic dose: 4 g/day TID for 7 days.
	Figure 26: Simulated fraction viable hepatocytes (a, c, e) and plasma ALT (b, d, f) at the dose of 600 ppm (a and b), 3000 ppm (c and d), and 6000 ppm (e and f) in the mouse NTP 1993 study. Each line represents each simulated animal.
	/
	Figure 27: Simulated fraction viable hepatocytes (a, c, e) and plasma ALT (b, d, f) at the dose of 600 ppm (a and b, 3000 ppm (c and d), and 6000 ppm (e and f) in the rat NTP 1993 study. Each line represents each simulated animal.
	/
	7 Simulations of Acetaminophen Overdose in Humans Support that Overdose Dose not Result in a Carcinogenicity Hazard
	7.1 Overview

	Acetaminophen (APAP) overdose simulations were conducted using DILIsym’s virtual human population (SimPops) to assess the implications of overdose hepatotoxicity on the likelihood of APAP representing a human hazard for carcinogenicity.  Based on the results, the following conclusions can be drawn:
	 The overdose SimPops simulations show significant hepatocyte damage that depends on individuals’ susceptibility
	 For single dose administration of 30 g APAP with N-acetyl cysteine (NAC), most simulated patients recover over time while some do not survive; surviving individuals exhibit significant hepatocyte loss, many showing a loss of 10 - 50% viable hepatocytes; 
	 Extended SimPops simulations reveal that, over time, surviving patients restore normal liver function through replacement of lost hepatocytes via cellular proliferation and regeneration;
	 The SimPops simulation suggest that, under overdose conditions, any potential APAP mediated DNA-damaged cellular domain will encounter hepatocyte loss and then regeneration that ultimately eliminates DNA damaged cells and makes overdose APAP genotoxicity unlikely to occur.
	7.2 APAP Overdose SimPops Simulation

	To analyze the fate of hepatocytes under APAP overdose conditions and assess any implications for carcinogenicity, we employed the DILIsym APAP model to simulate the toxic effect of a single 30 g dose with N-acetyl cysteine (NAC).  NAC is a known antioxidant and glutathione precursor that is often administered to treat patients with APAP overdose. The pharmacokinetics and precursor effects of NAC have been represented and validated in DILIsym using clinical and preclinical data from the literature (3).  For APAP overdose simulations, we employed a DILIsym SimPops that represents 300 individuals with pharmacokinetic and hepatotoxic response variability. The overdose simulation was carried out for 7 days and key endpoints were analyzed to provide evidence on the severity of APAP hepatotoxicity and the unlikelihood of APAP carcinogenicity under the acute overdose condition. 
	7.3 Severe Liver Toxicity Under APAP Overdose Condition

	Drug induced liver toxicity is often detected using serum alanine aminotransferase (ALT) and total bilirubin (TBL) as biomarkers. The occurrence of plasma ALT elevations accompanied by increased plasma TBL is the most specific predictor of drug induced hepatotoxicity. Typically, plasma ALT levels that reach three times above the upper limit of normal (ULN) marks meaningful hepatotoxicity.  A condition where plasma ALT > 3 X ULN and TBL > 2 X ULN (in DILIsym, the ULN for plasma ALT is 40 U/L and that of total bilirubin is 1 mg/dL) belongs to the notation of a Hy’s law case, a situation where the severity of DILI is either fatal or requires liver transplantation in 10% of those cases (91–95).  Therefore, the plasma ALT and total bilirubin are used to predict the severity of liver toxicity under APAP overdose conditions.
	Figure 28 shows plots of plasma ALT and TBL for the 300 virtual patients at the 30 g dose.
	Figure 28: Plasma ALT, plasma TBL and eDISH plot of APAP overdose virtual patients. The eDISH plot depicts the severity and frequency of DILI incidence by dividing the plasma total bilirubin versus plasma ALT plot into four quadrants that represent the normal (ALT < 3 X ULN, TBL < 2 X ULN), hyperbilirubinemia (ALT < 3 X ULN, TBL > 2 X ULN), Temple’s corollary (ALT > 3 X ULN, TBL < 2 X ULN), and Hy’s law (ALT > 3 X ULN and TBL > 2 X ULN) ranges.
	/
	Figure 28 (left) shows significant ALT elevations (much higher than 3 X ULN) under overdose conditions, where the peak in ALT elevations show individual variabilities (a similar behavior is observed for plasma total bilirubin.  Most virtual patients exhibit high ALT elevations that resolve to normal over time.  On the other hand, extreme cases of overdose exposure are also found in the SimPops simulation where individuals show no recovery.  Such behavior is depicted better in the so-called eDISH plot, a graphical representation for the severity and frequency of DILI incidence. The eDISH plot depicted in Figure 28 shows three virtual patients in the Hy’s law range, indicating individuals with serious injury.  The plot also reveals many virtual patients in the Temple’s Corollary (ALT > 3 X ULN, TBL < 2 X ULN) range. Although not as detrimental as the Hy’s law case, the high plasma ALT elevations of the Temple’s Corollary range signify clinically relevant hepatotoxicity. 
	Overall, the overdose SimPops simulation reveals significant liver toxicity under overdose conditions. 
	7.4 Diminished Cellular Viability Under APAP Overdose Conditions

	The overdose SimPops simulation shows significant hepatocellular damage depending on the individual’s susceptibility.  At the cellular level, excessive NAPQI (arising from APAP overdose and GSH depletion) covalently binds with cellular macromolecules and leads to an increase in ROS production. The rise in APAP mediated ROS production is depicted in Figure 29 (Left) where the normalized liver average ROS levels of 300 simulated patients is shown. 
	Figure 29: Plots of liver average RNS/ROS, liver average GSH and fraction of viable hepatocytes of APAP overdose virtual patients.
	/
	The plot depicts the acute ROS elevations that show individual variation. The variations in individuals’ susceptibility against ROS can be partly attributed to the variations in the level of GSH depletion.  Figure 29 (middle) demonstrates the variation in the liver average GSH of the virtual human population.  The plot shows the early NAPQI mediated decline of liver GSH and delayed recovery through the up-regulation feedback mechanisms including the nuclear factor (erythroid-derived 2)-like 2 response.  The plot shows dynamic GSH recovery by all surviving virtual patients, whereas highly susceptible simulated individuals lack such recovery.  The combined effect of unregulated ROS elevation and other inter-related intermediate processes (e.g., mitochondrial impairment and ATP decline) results in the onset of hepatocyte loss in the form of necrosis and/or apoptosis.  Figure 29 (right) depicts the change in the fraction of viable hepatocytes illustrating APAP mediated hepatocyte loss.  The figure reveals that many surviving individuals exhibit significant loss of hepatocytes, some showing up to 50% viable hepatocyte loss.  On the other hand, three highly sensitive simulated patients show much higher hepatocyte loss before termination (DILIsym uses 85% loss of viable hepatocyte for termination/death (34,96)), demonstrating fatal cases of acute APAP overdose.
	7.5 Immune Response-Mediated Long-Term Cellular Regeneration 

	To assess long term recovery of APAP overdose patients, we conducted overdose SimPops simulations of a single dose 30 g APAP with NAC for an extended period of time (1 year).  The extended SimPops simulations show that, overtime, surviving simulated patients recover through a complex process that involves innate immune responses and hepatocyte proliferation.  Briefly, necrotic hepatocytes release damage-associated molecular pattern (DAMP) molecules that stimulate macrophages.  Macrophages in turn produce mediators such as TNF and HGF that contribute towards hepatocyte proliferation. Increased proliferation results in the regeneration of hepatocytes that are free of drug toxicity.  As an illustration of the intermediate process in this cascade of events, Figure 30 (left) depicts the plot of plasma TNF, a mediator produced due to macrophage stimulation.  
	Figure 30: Plots of plasma TNF, hepatocyte proliferative flux and fraction of viable hepatocytes for extended simulation of APAP overdose virtual patients
	/
	Figure 30 (middle) also shows the amount of hepatocyte proliferation flux for virtual patients that show elevations during the cascade of events leading to recovery.  Finally, Figure 30 (right) shows the rise in the fraction of viable hepatocytes as recovery progresses.  As shown in the figure, the time for recovery varies among individuals, depending on the injury severity and individual’s susceptibility. 
	Overall, increased hepatocellular proliferation arising from a cascade of events initiated by hepatocyte necrosis allows for the replacement of hepatocytes that are lost due to acute overdose injury, replenishing the liver by renewed hepatocytes that recover normal liver function.  
	7.6 Implications for Carcinogenicity

	Acetaminophen overdose leads to the saturation of sulfation and glucuronidation pathways and GSH depletion, causing increased protein binding with NAPQI and the possibility of DNA binding, although there are no data supporting the latter in vivo or in humans.  In the liver, under overdose conditions, acetaminophen mediated ROS causes significant hepatocellular injury and death, whereas necrotic hepatocytes stimulate acute immune responses that contribute to hepatocyte proliferation and regeneration.  The recycling of hepatocytes under overdose conditions leads to the clearance and replacement of damaged cells that have the potential for carcinogenicity. 
	Therefore, due to significant hepatocyte loss followed by regeneration of healthy normal liver under overdose conditions, it is unlikely that acetaminophen causes carcinogenicity.  Those hepatocytes with damage are more likely to be eliminated by necrosis due to drug toxicity effects and be replaced by renewed hepatocytes.
	8 Conclusions
	At therapeutic acetaminophen doses across a representative patient population with variations in baseline glutathione, the modeling and simulations results, which are consistent with extensive mechanistic experimental data, support that cellular glutathione deactivates the NAPQI metabolite and there is sufficient buffering capacity to prevent any meaningful protein adduct formation or oxidative stress.  As acetaminophen exposures increase after large overdoses, cell death occurs before any adverse conditions occur (e.g. oxidative stress or DNA damage) that could result in carcinogenicity. Simulations on the exposures in the animal carcinogenicity studies and in humans support that the animal carcinogenicity studies adequately evaluated the range of exposure conditions in humans. The modeling and simulation results also support that acetaminophen is not a carcinogenicity hazard to human health under any conditions, including at therapeutic and supratherapeutic doses and  an acute overdose.  
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